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ABSTRACT
Geo-structures are frequently constructed in or on soils with unsaturated
conditions and are subjected to variations of moisture contents due to seasonal changes.
Even though unsaturated soil mechanics have been established for several decades, it has
not been fully implemented in practice today because of a lack of understanding of the
interaction between the soil, water, and air phases. Many experimental research studies
have been conducted to improve the understanding of unsaturated behavior but these
studies are typically limited to small soil elements tested under fully drained conditions.
The goal of this research is to evaluate the effect of hydraulics on the mechanical
behavior of unsaturated soils by performing soil element testing and centrifuge modeling
with a focus on undrained conditions.
The research begins by evaluating the hysteretic effects on the soil water
characteristic curve (SWCC), the relationship between soil moisture content and matric
suction, using the automated Tempe cell systems. Results show that hydraulic hysteresis
increases as the clay content increases and also increases as the flow rate increases. The
second part of the research focuses on the hysteresis effects on the mechanical behavior
observed in constant water content (CW) triaxial testing. Results show that matric suction
decreases during shearing for all of the drying path tests, while results from the dryingwetting path tests show increases in matric suction. Results of the drying path tests for
clayey sand exhibit strain-hardening behavior while those for silty soil exhibit a strainhardening/softening behavior. The shear strength found in drying-wetting path tests is
iv

higher than that for drying tests performed at the same initial matric suction due to the
effect of matric suction history. This effect causes the increase and decrease of matric
suction during shearing for the drying path and the drying-wetting path, respectively. To
account for the hysteretic effect, the shear strength can be estimated based on the matric
suction at failure. The third part of the research focuses on the investigation of
unsaturated soil behavior using a geotechnical centrifuge model testing. The research
involves the development of a miniature sensor to investigate the hydraulic effects on the
mechanical behavior of unsaturated soils. A modified heat dissipation sensor (HDS) is
tested in a geotechnical centrifuge to evaluate its performance at different centrifuge glevels. Results show that the HDS can be used to measure in-flight water content, while
the SWCC for each soil type can be used to estimate soil matric suction. The fourth part
of the research focuses on the characterization of unsaturated soil using the cone
penetration test (CPT) and HDS for centrifuge modeling tests to investigate the hydraulic
effects on the cone tip resistance, qc. Results show that the qc increases as the degree of
saturation decreases for the as-compacted condition or after the evaporation process. The
degree of saturation also decreases significantly when the model is subjected to rainfall
events. There is no hysteresis effect on qc. Thus, a single relationship between the qc and
the degree of saturation can be developed for the clayey sand tested in this study.
Moreover, the centrifuge CPT can be used to evaluate relative change in the shear
strength of the soil due to the change in hydraulic conditions. The CPT results from the
centrifuge model study are comparable with the predictions based on the cavity
expansion theory.
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CHAPTER 1
INTRODUCTION
1.1 INTRODUCTION AND SIGNIFICANCE OF THE RESEARCH
Even though unsaturated soil mechanics were established several decades ago by
the pioneer A.W. Bishop, it is still behind the conventional soil mechanics in practice
today. One of the main reasons is the lack of understanding of the interaction between the
system phases in unsaturated soils: the air phase, the water phase and the soil particles,
which makes the discipline more sophisticated. In addition, the effects of the hydraulic
path (drying/wetting) on mechanical behavior are still ambiguous. Fully understanding of
the hydraulic and mechanical behavior of unsaturated soils would accelerate the timeline
required to bring the unsaturated soil mechanics to practice.
Saturated soil mechanics is a conservative but not always realistic approach which
is applicable to many geotechnical engineering problems. Geo-structures such as
retaining walls, foundations, embankment slopes, and others are frequently constructed in
and/or on unsaturated conditions and are subjected to variations of moisture content due
to seasonal changes. Hypothetically, if unsaturated soil mechanics is put into practice, it
is likely to improve the accuracy of the design projects leading to a better design and cost
savings.
This research utilizes a research concept map presented in Figure 1.1, to organize
and represent knowledge related to unsaturated soil mechanics, and develop several
research questions and consequently the research topics of this dissertation. The research
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Figure 1.1 Research concept map.

concept map consists of two main sections: hydraulic and mechanical sections. Both
sections are connected through the contribution of several key parameters or factors. A
detailed knowledge of each section is examined to identify specific research gaps and
questions.
The research begins by evaluating the hydraulic behavior of unsaturated soils as
presented under the hydraulic section in Figure 1.1. One key parameter is the relationship
between soil moisture content and matric suction (defined as ua - uw, where ua is pore air
pressure and uw is pore water pressure) also known as the Soil Water Characteristic
Curve (SWCC). Similar to other soil properties, SWCC is affected by many factors
including soil type, density, stress conditions and history, as well as others. Numerous
efforts have been made in the past few decades to precisely measure the SWCC that
accounts for these factors. Questions remain on the effects of the hydraulic path
(hysteretic effects) on SWCC. Hysteresis is defined as the difference between the
moisture content under drying and wetting paths for a given matric suction.
Conventionally, SWCCs are measured as discrete points generated from different
amounts of matric suctions and their corresponding moisture content. However, the
conventional method is time consuming and limited to measuring the drying path only,
which may not realistically replicate the actual field conditions. Recently, automated
systems have been developed to allow continuous measurement of SWCC. Consequently,
the measurement can be performed in a timely manner and hysteretic effects can be
investigated. The systems allow the investigation of the effects of hysteresis by extracting
and infusing water in the soil sample. However, the effects of extraction and infusion
flow rates on SWCC requires further evaluation to ensure that the results are generated
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under equilibrium and Darcy-Buckingham law is valid. Flow rates generated from testing
techniques that are much higher than field conditions can significantly impact the
accuracy of SWCC. The hydraulic section of the concept map in Figure 1.1 presents
experimental techniques and other factors affecting the SWCC. The gap of knowledge
identified from the research concept map leads to Research Question #1: “What are the
effects of the flow rate and soil type on the characteristics of SWCC?”
The second part of the research focuses on the effects of hydraulic hysteresis on
mechanical behavior observed in soil element testing. As illustrated in Figure 1.1, SWCC
has strong relationships with unsaturated soil strength and stiffness as it relates to the
amount of matric suction in soil under varying moisture conditions. Consequently,
hysteresis (wetting and drying conditions) also impacts the strength and stiffness of
unsaturated soil. In the field condition during a dry season, moisture content decreases
and matric suction increases. The hysteresis effect on shear strength has been investigated
by numerous studies using triaxial testing for soil elements. The testing is typically
conducted on a column of soil under fully drained conditions when the matric suction
remains constant during shearing. Undrained shearing conditions do occur in unsaturated
soil when subjected to rapid loading and failure mechanism under undrained condition is
different than fully drained condition. Very little research has been directed toward the
investigation of the effect of hysteresis and changes in matric suction under undrained
failure condition. Undrained shearing associated with the wetting path is critical in field
conditions as the failure could occur rapidly. Heavy rainfall, rapid floods, or earthquake
induced landslides in unsaturated soils are potential examples of this condition. Excess
pore water pressure is developed resulting in the reduction of matric suction during
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shearing leading to the reduction of effective stress and the loss of strength. Better
understanding of the effects of hysteresis on shear behavior and the change of matric
suction during shearing in undrained conditions will lead to the safe and cost effective
design of geo-structures. The gap of knowledge identified from the research concept map
leads to Research Question #2: “What are the effects of hydraulic hysteresis on the shear
strength of unsaturated soil under undrained triaxial testing conditions?”
The third part of the research focuses on the investigation of unsaturated soil
behavior using geotechnical centrifuge model testing. The research involves the
development of a miniature sensor for the test to allow the investigation of the effect of
hydraulic conditions on the mechanical behavior of unsaturated soils. Although
laboratory testing on soil elements is useful, as it can be performed under controlled
stress environments, it is important to investigate behaviors of geo-structure under more
realistic field stress conditions. Centrifuge modeling is a powerful research tool suitable
for a parametric study of soils under different field stress and hydraulic conditions.
Centrifuge model testing is more complicated than soil element testing, as it requires the
development of a soil model that is instrumented with specialized miniature sensors.
Characterization of an unsaturated soil model in centrifuge is more limited than a
saturated or dry soil model due to the availability and feasibility of measuring matric
suction and moisture content. Miniature size sensors and fast response time are required
for a centrifuge environment due to scale effects. The need to develop the sensor
specifically for a centrifuge modeling test leads to Research Question #3: “Is a modified
heat dissipation sensor (HDS) a good alternative sensor for measuring inflight water
content in geotechnical centrifuge?”. Answering this question results in a new capability
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for characterizing a centrifuge soil model that lead to effective evaluation of hydraulic
and mechanical soil behavior. This research unitizes results from the HDS to correlate
with results from the cone penetration test (CPT) performed in centrifuge modeling tests.
However, the interpretation of results from CPT is not fully developed for unsaturated
soil. The presence of matric suction influencing the state of stress in unsaturated soil
makes it difficult to evaluate shear strength. Several interpretative approaches were
established in previous research, but they mainly focused on sandy soils where the matric
suction is low. These limitations hinder any advance in characterization of centrifuge
modeling of unsaturated soil. More reliable measurements of unsaturated soil properties
and behavior in centrifuge modeling will improve unsaturated soil characterization in the
field condition. As shown in Figure. 1.1, the gap of knowledge identified from the
research concept map leads to Research Question #4: “What are the effects of hydraulic
conditions on the cone tip resistance of unsaturated soils in centrifuge model testing?”.
1.2 PRACTICAL IMPLICATION
Answering questions developed in this research would significantly improve
understanding of unsaturated soil behavior and provide a means for improving the
performance of geo-structures subjected to various hydraulic conditions. A hypothetical
unsaturated soil slope under different scenarios shown in Figure 1.2 is an example of
practical implication of this research. Each case is described below.
 Case I represents an as-compacted slope after construction where the ground water
table (GWT) is well below the potential failure plane and maintains at a constant
level. This case corresponds to hydraulic path A.
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Figure 1.2 Illustration of different hydraulic conditions in a hypothetical slope.
 Case II represents the same slope as CASE I but GWT rises from the original level to
a level near the potential failure plane. The slope experiences different hydraulic path
including path A-B (rainfall or wetting condition), and path A-D-B (evaporation then
rainfall condition).
 Case III represents the same slope as CASE I but the slope experiences evaporation
while the GWT remains constant. This case corresponds to hydraulic path A-D.
 Case IV represents the same slope as CASE I, the same final GWT but the slope
experiences a different hydraulic path such as path A-B-C (rainfall then lowering of
GWT), and path A-D-B-C (evaporation, rainfall and lowering of GWT).
If the slope in these cases is subjected to undrained loading conditions (e.g. a
rapid increase in surface load or shaking caused by an earthquake), it is hypothesized that
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the effect of the hydraulic path would impact the shear strength of unsaturated soils,
hence the slope performance under those loading conditions. The hydraulic path not only
impacts the initial soil conditions (e.g. initial matric suction, degree of saturation) but also
the change of matric suction during undrained shearing. For example, an increase in
GWT for Case II in comparison with CASE I would results in the reduction of initial
matric suction and undrained shear strength prior to shearing. For CASE IV, if the slope
experience fluctuation of GWT (hydraulic path A-B-C) and drying and wetting path
(hydraulic path A-D-B-C) but the final GWT is at the same level for the two cases, the
initial matric suction and shear strength of the soil at the slip surface region may be
different and the change of matric suction during shearing would also be different
depending upon the matric suction history (i.e. the maximum past matric suction that soil
experiences). As a result, the slope may perform differently under undrained loading
condition. Current state of practice uses initial matric suction to estimate the shear
strength regardless of drainage conditions and hydraulic history. A better understanding
of the hydraulic hysteresis effects and matric suction change during shearing will
improve shear strength predictions of unsaturated soil.
1.3 RESEARCH OBJECTIVES
The objectives of this research are:
 Evaluate the effects of flow rate and soil type on SWCC and hydraulic hysteresis
using an automated Tempe cell measurement system and assess the change of SWCC
between equilibrium and non-equilibrium flow conditions in the system.
 Establish correlation between initial and at failure matric suction, develop a
correlation between matric suction, degree of saturation at failure with the shear
strength of unsaturated undrained shear strength and evaluate the hysteresis
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phenomenon between drying and drying-wetting conditions using the advanced
triaxial testing techniques under constant water content triaxial mode (CW) for clayey
sand and silt soils.
 Evaluate the performance of a modified heat dissipation sensor in both lab testing
specimens and geotechnical centrifuge for measuring the water content of soil under
both as-compacted and rainfall conditions.
 Evaluate the performance of miniature cone penetrometer in the geotechnical
centrifuge and study the effects of various degrees of saturation and acceleration
gravity on cone tip resistance under three different conditions: as-compacted, rainfall
and evaporation. In addition the intent was to generate CPT results of unsaturated
cohesive soils that are useful for developing empirical or semi-theoretical based
correlations which are valuable for data interpretation.
Develop an interpretation protocol using penetration theories such as cavity
expansion, which are associated with the required input parameters measured from
triaxial tests to interpret the cone penetration results of unsaturated soils.
1.4 RESEARCH TOPICS
The following four research topics are explored in this dissertation:
 RESEARCH TOPIC I – EFFECT OF FLOW RATE AND CLAY CONTENT ON
HYDRAULIC BEHAVIOR OF UNSATURATED SOILS FOR CONDITIONS OF
EQUILIBRIUM AND NON-EQUILIBRIUM
Soil water characteristics curves (SWCCs) of soil composed of sand and clay
were evaluated using an automated Tempe cell measurement system. The system has
advantages over the conventional Tempe cell because the measurements are continuous
and the SWCC can be obtained in a relatively short time. The test is performed by
extracting water from the specimen and/or infusing water into the specimen at a desired
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flow rate. This study investigates the rate effect on SWCCs for both drying and wetting
paths for sandy soil mixed with varying clay content. Test results show that the flow rate
has little to no effect on the SWCCs for pure sand, but has a noticeable effect on clayey
sands. The rate effect increases as the clay content increases. Comparison of SWCCs for
drying and wetting paths was made and the rate effect is more pronounced in the wetting
path. The observed behavior appears to be caused by the deviation from a quasi-static
equilibrium condition to a non-equilibrium condition during the test. One-dimensional
analysis was performed to evaluate the validity of equilibrium condition assumption
when testing with different flow rates. It was found that the pure sand tests were mostly
under equilibrium for all of the flow rates used. In contrast, clayey sand with 30 percent
clay content with a flow rate of 0.5 mm3/sec never reached equilibrium. Based on the
results, a minimum flow rate is recommended for different materials. Results from this
study present the effect of non-equilibrium flow on SWCCs and emphasize the fact that
SWCCs are flow rate dependent.
 RESEARCH TOPIC II – UNDRAINED SHEAT STRENGTH OF UNSATURATED
SOIL CONSIDERING HYSTERSIS EFFECT
This study evaluates hysteresis effects on the shear-induced matric suction and the
undrained shear behavior of low plasticity clayey sand and non-plastic silt through a
series of unsaturated constant water content triaxial tests. Hysteresis effects were
evaluated by comparing soil samples subjected to drying path only and soil samples
subjected to drying and wetting paths. Results show that the shear strength of soil
subjected to the drying path is lower than that of the drying-wetting path at the same
initial matric suction due to the effect of matric suction history. This effect caused the
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decreasing and increasing of matric suction during shearing for drying path and dryingwetting path, respectively. Empirical relationships between initial and at-failure matric
suction were developed based on results from this study and data collected from
literature. A unique correlation between the shear strength, and at-failure matric suction is
observed for each soil type. It was found that the at-failure matric suction and degree of
saturation are important factors governing the undrained shear strength regardless of the
hysteresis effects.
 RESEARCH TOPIC III – EVALUATION OF A MOFIFIED HEAT DISSIPATION
SENSOR FOR MEASURING INFLIGHT WATER CONTENT IN
GEOTECHNICAL CENTRIUGE
A commercial heat dissipation sensor was modified and tested for use in
centrifuge modeling applications. This sensor can be used to directly measure water
content that is used to estimate matric suction in soil. Advantages of the modified sensor
include significant reduction in size and capability of measuring water content in a short
period of time. The measured water content can be used to evaluate the corresponding
soil matric suction. A series of experimental tests were conducted to establish the testing
protocol to achieve the optimal response time for the modified sensor. A relationship
between soil water content and temperature change measured from the heat dissipation
sensor was generated for different soil types. The corresponding matric suction at a given
water content was evaluated with soil water characteristic curves. Results were validated
with results measured from a conventional tensiometer for static (no flow) and transient
flow conditions. Good agreement was found, and the modified sensor provided similar
results to those obtained with the tensiometer. The sensor was successfully implemented
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and tested in a geotechnical centrifuge under different g-levels. This study provides an
alternative method for measuring water content that can be used in centrifuge modeling
as well as other laboratory testing applications.
 RESEARCH TOPIC IV – EVALUATION OF NEW MINIATURE CONE
PENETROMETER IN GEOTECHNICAL CENTRIFUGE, STUDING THE
EFFECTS OF HYDRAULIC CONDITONS ON CONE TIP RESISTANCE, AND
INTERPRETATION OF CPT CENTRIFUGE TESTS RESULTS
In-flight Cone Penetration Tests (CPTs) have been conducted extensively to
characterize centrifuge models of dry and saturated soils but a limited number of studies
have focused on unsaturated soils. This paper presents centrifuge modeling of CPTs
conducted on unsaturated clayey sand models prepared at various hydraulic conditions
including as-compacted, wetting (rainfall), and drying (evaporation). The objectives of
this study were to evaluate effects of stress level induced by centrifuge acceleration and
to investigate the impact of hydraulic processes on the cone tip resistance. Results shows
that effect of centrifuge gravity on the cone tip resistance is minimal. The CPTs
performed on clayey sand show that the cone tip resistance increases as the degree of
saturation decreases under different hydraulic conditions. A correlation between the cone
tip resistance and degree of saturation is applicable to both the wetting and drying
process. The CPT results and in-flight water content measurements provide a good
indication of strength and stiffness change in unsaturated soil subject to changes in
hydraulic conditions.
A correlation of cone tip resistance with total cohesion of clayey sand was
developed based on a series of centrifuge models. Triaxial tests were used to evaluate
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total soil cohesion. Furthermore a correlation between matric suction and cone tip
resistance was developed. It shows a strong dependency of cone tip resistance on matric
suction. Cavity expansion theory for unsaturated soils were used to generate correlation
between matric suction and volumetric strain. This correlation validates the measured
cone tip resistance for the soil type and stress conditions in this study.
1.5 LIST OF PAPERS AND STRUCTURE OF DISSERTATION
This dissertation includes results that have been published or submitted to peerreviewed conferences and journals. Two geotechnical special publication papers were
published. The four completed articles that appear in the dissertation as separate chapters
were under reviewed. One paper is in preparation.
Geotechnical Special Publications, ASCE include the following:
1. Awad, M., Sasanakul, I., and, Ray, R. (2017). Extraction/Infusion Rate Effects on
Continuous Soil-Water Characteristic Curves for Clayey Sand. In PanAm
Unsaturated Soils 2017 (pp. 28-37).
2. Awad, M., and Sasanakul, I., (2019). Shear-Induced Matric Suction in
Unsaturated Clayey Sand during Constant Water Content Triaxial Tests. Geocongress 2019 (pp. 554-562).
Peer Review Technical papers (Journals):
3. Awad, M., Sasanakul, I., and Ray, R. Effects of flow rate and clay content on soil
water characteristic curves. (completed)
4. Awad, M., and Sasanakul, I., Hysteresis effects on shear-induced matric suction
behavior of sandy clay and silt under undrained conditions. International Journal
of Geotechnical Engineering. (under review)
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5. Awad, M., and Sasanakul, I. Evaluation of a Modified Heat Dissipation Sensor
for Measuring Water Content in Geotechnical Centrifuge Modeling. Geotechnical
Testing Journal/ ASTM. (under review)
6. Awad, M., and Sasanakul, I. Centrifuge Modeling of CPT in Unsaturated Clayey
Sand under Various Hydraulic Conditions. International Journal of Physical
Modelling in Geotechnic. (under review)
7. Awad, M., and Sasanakul, I. Interpretation of Centrifuge Cone Tip Resistance on
Unsaturated Clayey Sand. Abstract accepted to Geotechnical Testing Journal/
ASTM (Special Issue). (in preparation)
The dissertation is structured as follows: Chapter 2 provides explanations and
summary of previous studies of hydraulic and mechanical features of unsaturated soils
and the cone penetration tests in both lab and centrifuge modeling. Chapters 3, 4, 5, and 6
include four original research papers mentioned above. Finally, conclusions are presented
in Chapter 7.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW
This chapter presents the necessary background information related to the data
and methods used in this study. It is divided into three main parts: first: hydraulic
behavior of unsaturated soils which covers the definition of unsaturated soils, matric
suction and its measurement techniques, soil water characteristic curve and its
measurement techniques, flow of water through unsaturated soil, and hydraulic
hysteresis. Second, mechanical behavior of unsaturated soils which covers, the effective
stress concept, shear strength theory, shear strength of unsaturated soils and its shear
strength measurements, and effects of hydraulic hysteresis on shear strength of
unsaturated soils. Third, cone penetration tests and its interpretations for unsaturated soils
which covers in addition to experimental part represented by lab, field, and scaled (or
centrifuge) research studies, the theories such as bearing capacity and cavity expansion.
2.1 HYDRAULIC BEHAVIOR OF UNSATURATED SOILS
Unsaturated soil defined as a soil whose voids are filled with water and air and
whose pore water has a negative pressure Fredlund and Rahardjo (1993). It basically
contains three distinct phases: solid, water and air. The solid phase consists of the soil
grains. The liquid phase consists of liquid water and air. The air consists of air and water
vapor. In geotechnical engineering, the zone between the ground surface and the water
table is referred to the unsaturated zone and it holds a negative pore water pressure. Subsoil profile can be divided into two zones with regards to the water table: saturated and
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unsaturated zones. Figure 2.1 shows the profile of those zones. Below the water table, the
voids are filled with water and the pore water pressure is positive. Above the water table,
on the other hand, void pores are filled with a combination of air and water, and the pore
water pressure becomes negative relative to atmospheric pressure. In this zone, the soil
degree of saturation can vary between 0 and 100%. Just above the water table, the zone of
the capillary is located, which is saturated but pore water pressure is negative. The height
of clogging water above the water table in the capillary zone depends upon the pore size
and pore size distribution of soil that gives rise to capillary forces. The smaller the pore
size, the higher is the height of capillary zone, and larger the pore size, the shorter is the
height of the capillary. As the soil becomes drier above the capillary zone, the pore water
pressure become more negative.
2.1.1 Matric Suction
2.1.1.1 Matric Suction Concept:
Matric suction is an important parameter that governs the state of stress and
represents the difference between pore air pressure and pore water pressure (Fredlund et
al. 2012). Matric suction is the result of adsorptive and capillary force existing in the soil
matrix (Lu and Likos, 2004). Unsaturated soils under field conditions have a negative
pore-water pressure with respect to the atmospheric pressure. This means that the matric
suction, under a field condition, has a negative value (Lu and Likos, 2004). Matric
suction has a stress unit and theoretically, it is ranged between 0 to 1000000 kPa.
However, in field, matric suction is mostly ranged between 0-100 kPa for sandy soil and
300-500 kPa for clayey soils (Ridley and Burland 1993; Take and Bolton 2003).

16

Figure 2.1 Illustration of subsoil profile blow and above the water table (After Fredlund
et al. 2012).
2.1.1.2 Matric Suction Measurement Methods
Significant efforts have been made in the field and laboratory to develop matricsuction measurement techniques which fall into two broad categories: direct and indirect
methods.
a. Direct measurement methods: Methods rely on direct observation of negative pore
water pressure (Take and Bolton 2003) and require a saturated porous ceramic as an
interface between soil and measuring system. The ceramic allows water to pass
through only when it is completely saturated (Marinho et al. 2008). Tensiometers are
the most common sensors used for direct matric suction measurement and have been
used for several decades. Tensiometer consists of a high air entry porous ceramic, a
water reservoir and a pressure measuring gauge. The improved version which is used
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in practice today is known as a jet-fill tensiometer. The small-tip tensiometers are
similar to the jet-fill tensiometer, with the only difference its smaller size as illustrates
in Figure 2.2a. These sensors have been found suitable for measuring matric suction
up to 80 kPa (Askarinejad 2013). Although conventional tensiometer is mainly used
in the field, researchers have gradually improved the technique by increasing the
range of matric suction measurement, reducing the size of the sensor, and decreasing
the response time in order to not only used in the field (Cui et al. 2007), but also to
implementing the sensor in a small soil column or geotechnical centrifuge (Ridley
and Burland 1993; Guan and Fredlund 1997; Muraleetharan and Granger 1999;
Meilani et al. 2002; Take and Bolton 2003; etc.). The improved version of the
tensiometer is a miniature as illustrated in Figure 2.2b and known as high capacity
tensiometer (HCT).
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Figure 2.2 Tensiometers: a conventional tensiometer, b. High capacity tensiomenter
(Shwan 2015).
b. Indirect measurement methods rely on correlations. Other parameters (e.g., thermal
conductivity) are measured, and through correlation, the corresponding matric suction
can be estimated (Ridley and Burland 1993). Advanced sensor calibration is
necessary for these methods. Indirect measurement methods for suction
measurements were explained in detail by Bulut and Leong (2008). The heat
dissipation sensor (HDS) functions in a common indirect method. It consists of
heating element, temperature sensor and small porous cylindrical ceramic as shown in
Figure 2.3. The small porous cylindrical ceramic is brought to equilibrium with the
water content of the surrounding environment which soil. The matric suction is
estimated from the thermal properties of the porous ceramic, through a pre-calibration
relationship. The sensor’s reputation has grown recently in study of unsaturated soils
because the HDS is a promising tool for matric suction measurements. Although the
HDS was developed mainly for field applications, it can also be used in small-column
laboratory tests (Sattler and Fredlund 1989). Implementing HDS is not limited to lab
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specimens but it also can be applied for geotechnical centrifuge modelling. Li et al.
(2008) implemented the HDS in geotechnical centrifuge to measure matric suction
but asserted that it was unsuitable because of the bulky sensor size. They suggested to
conduct more research on this type of sensor to make it works in measuring matric
suction in the centrifuge. More description of the sensor is presented in CHAPTER-5.

Figure 2.3 Heat dissipation sensor (Campbell Scientific Inc.).
2.1.1.3 Water Content and Matric Suction Measurements in Geotechnical Centrifuge
Matric suction and water content are linked through a fundamental unsaturated
soil property which is the soil water characteristic curve (SWCC) which is explained in
detail in the next section. Matric suction can be measured in the centrifuge modeling
either directly using matric suction measurement sensors such as high capacity
tensiometers (HCT), tensiometer type T5 manufactued by Campbell Scientific Inc.,
and/or pore water pressure sensor type PDCR81 which is capable to measure both
positive and negative pore pressures (Zornberg and McCartney, 2010; Sonnenberg et al.
2010; Wang et al. 2010; Matziaris, et al. 2015, Ng et al. 2016; etc.) or indirectly using

20

water content measurement sensor such as time-domain reflectometry (TDR) and through
a pre-defined soil water characteristic curves, matric suction can be inferred (Li et al.
2008). In direct measurements, Wang et al. (2010) ran two sets of centrifuge modeling
tests to investigate the behavior of cohesive soil for slopes with weak layers under rainfall
condition. The matric suction less than 30 kPa before rainfall and only a few kilopascals
after rainfall was measured using T5 tensiometer. Sonnenberg et al. (2010); Ng et al.
(2016) evaluated the mechanical behavior of unsaturated slope reinforced by vegetation
in the geotechnical centrifuge modeling instrumented with pore water pressure sensors
type PDCR81 to measure positive and negative pore water pressures. They measured
matric suction up to 15 kPa and up to 100 kPa for the two studies, respectively. In
assessing rainfall-induced landslides modeling in the centrifuge, Zhang et al. (2011)
performed a set of centrifuge tests and were able to measure matric before and after the
rainfall events using tensiometer type T5. Tizrait et al. (2015) evaluated the performance
of T5 tensiometer and PDCR81 for matric suction measurements and suggested to
monitor the reservoir of the sensors to ensure there are no air bubbles forming during
testing to avoid measurement errors. Nevertheless, the response time for these sensors
still ranges from minutes to hours (Oliveira and Marinho 2008), therefore implementing
the HCT to measure matric suction in the centrifuge is suitable only for static or steady
state flow conditions and for low permeability soils. Some geotechnical applications have
transient flow conditions, therefore, using HCT may not be suitable because the sensor
does not have enough time to reach equilibrium.
An alternative way with quick responding time is from water content
measurement and using the SWCC to assess soil matric suction. In the past two decades,
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researchers were able to measure the water content in the centrifuge. Gunzel et al. (2003)
evaluated four transducers for measuring in-flight soil water content. These four
transducers include resistivity probes, capacitive probes, time-domain reflectometry
(TDR), and Geiger-Muller tubes. Gunzel et al. (2003) did not estimate the matric suction
from the measured water content. Zornberg and McCartney (2010) also implemented the
TDR in the centrifuge permeameter to measure the in-flight volumetric water content and
independently measure matric suction using tensiometers. Li et al. (2008) implemented
the HDS in geotechnical centrifuge to measure matric suction but asserted that it was
unsuitable because of the bulky sensor size. Further research on this particular sensor was
suggested. In addition, similar to the direct method, the indirect methods still have the
same issue with the response time when using it in the centrifuge. In chapter five of this
dissertation a modified heat dissipation sensor was calibrated and implemented in the
centrifuge to measure soil water content and through a pre-measured soil water
characteristic curve, matric suction were assessed.
2.1.2 Soil Water Characteristic Curve
2.1.2.1 General Explanation
Soil Water Characteristic Curve (SWCC) or Soil Water Retention Curve (SWRC)
or in some other disciplines the water storage function, or suction head curve is a nonlinear relationship between the soil water content and matric suction. Dealing with
unsaturated soils, SWCC is considered a fundamental characteristic required for the
design of geotechnical applications. A typical schematic of SWCC is generally divided
into three zones (Vanapalli 1994) as shown in Figure 2.4 and the degree of saturation in
these zones are varies between 0-100 % as tabulated in Table 2.1. In zone I, named
boundary effect zone, soil remains saturated regardless of the negative pore water
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pressure. The upper boundary of this zone is known as air entry pressure value (Ψa) and
it shows the maximum matric suction that soil can stand while saturated and it is also the
point where the air starts to enter the largest pores in the soil. In zone II, named transition
zone, there is a rapid reduction of water content under increasing matric suction which is
affected by pore size and pore size distribution of soil. Zone III is known as Residual
zone. In this zone, large increase in matric suction would be resulting in insignificant
water content change. In other words, a large change in matric suction is required to
remove additional water from the soil Fredlund and Xing (1994). This zone has little
interest to geotechnical engineering since the soil is rarely reached this point in the field
(Take et al. 2004). However, it is important to have data within this stage especially for
developing unsaturated constitutive models.
Table 2.1 Typical range of degree of saturation according to the SWCC zones (Fredlund
et al. 2012)
Degree of Saturation, S, %

Field Description

Laboratory Description

100

Saturated

Saturated

90-100

Capillary zone

Boundary effect zone

15-90

Two-phase zone

Transition zone

0-15

Dry zone

Residual zone

A typical SWCC shown in Figure 2.4 consists of two paths: drying and wetting.
The drying path, or also called desorption path is typically generated by progressively
drying the saturated soil and measuring the water content at different matric suction
levels. Upon wetting, the wetting path or adsorption path is generated by progressively
wetting the dry soil and measuring the water content at different matric suction levels. It
is also observed from the figure that the SWCC is hysteretic. During wetting, the water
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content tends towards a lower value than it had initially. The drying path, in fact, always
overlies the wetting path and the ending point of the wetting path differs from the initial
saturation water content. Both drying and wetting paths has its field implications
therefore, the appropriate SWCC path that simulate the actual field condition should be
used in the design.

Figure 2.4 Typical soil water characteristic curve.
2.1.2.2 Soil Water Characteristic Curve Parameters
Both drying and wetting paths can be defined by several parameters located at the
limits of the aforementioned three stages. As shown in Figure 2.4, the saturated
volumetric water content (θs) is an initial condition before testing starts and the first point
on the drying path of the SWCC where the matric suction is zero. The limit between the
boundary zone and the transition zone is the air entry value (Ѱa) which defines as the
matric suction at which the air starts to replace the water in larger voids during drying
(Vanapalli et al. 1999a). The residual values: residual matric suction (Ѱr) and residual
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volumetric water content (θr) represent a limit between the transition zone and residual
zone at which an increasingly large matric suction and only small amount of additional
water drained from the soil. The water entry value (Ѱw) defines as the matric suction at
which the water starts to first fill the small voids on the wetting path and the air phase at
this point become discontinuous. The volumetric water content (θw) is the water content
at which the slope of the wetting path starts to increase significantly after the water phase
becomes continuous. The re-saturation matric suction (Ѱsw) is a matric suction at which
the specimen has been absorbed enough water to reach approximately saturation
condition. The re-saturation volumetric water content (θsw) is the last point on the wetting
path of the SWCC where the matric suction is zero.
2.1.2.3 Measurement Techniques
The SWCC is typically measured in laboratories using testing methods that satisfy
equilibrium. The common conventional testing techniques include Tempe cell and
pressure plate extractor as shown in Figure 2.5a and Figure 2.5b respectively.
Conventional tests are conducted by allowing water to drain slowly under an applied
matric suction until the specimen reaches an equilibrium condition. These measurement
techniques typically take weeks or months involving with preparing and testing several
identical samples and results are reported as discrete points that are then plotted together
to develop the SWCC. They are capable of measuring the drying path, but measuring the
wetting path, while possible if modification applied to these techniques, is rarely
performed. As mentioned, the measured SWCC is discrete points and may not cover the
entire range of the matric suction. Most researchers who measure the SWCC following
the aforementioned techniques fit the points using one of the developed fitting equations
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such as Gardner (1958), Brock and Corley (1964), Van-Genuchten (1980), or Fredlund
and Xing (1994). The limitations of these techniques motivated researchers to develop
new techniques that can generate both drying and wetting of the SWCC continuously in
timely manner. These developed techniques are explained in below.

Figure 2.5 SWCC conventional measurements techniques. a. Tempe cell b. Pressure plate
Extractor.
Several research efforts have been focused on developing techniques to enhance
the SWCC testing efficiency by testing under flow velocity that is slow enough to
maintain steady state and equilibrium conditions over the entire test progression and
generating continuous drying and wetting paths in timely manner. Tensiometer based
technique has been developed to measure continuous or discrete points along the SWCC
in relatively short period. This technique utilizes high capacity tensiometers (HCT) to
directly measure the matric suction and electronic balance to record the soil water content
as illustrated in Figure 2.6a (Cunningham 2000; Boso et al. 2003; Toker et al. 2004;
Lourenço et al. 2007; Lourenço et al. 2011; and Toll et al 2015). With this technique,
SWCC can be measured in soil specimens either continuously or in stages during the
drying of the specimen. The wetting path is measured only in stages (Toll et al. 2015).
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Thus, the drying path is measured either as continuous or discrete points, while the
wetting path is measured as discrete points only. For this technique, the soil specimen is
naturally evaporated during drying and water is added in a slow and controlled manner
during wetting. In step further, Toll et al. (2015) modified the technique as illustrates in
Figure 2.6b to measure the volume change during test progression (using LVDTs to
measure changes in diameter and height) which is critical for soils exhibit significant
volume change during testing such as clayey soils. Even though these measurement
techniques are direct measurements and can generate a continuous curve with relatively
short time, they have some limitations. The saturation phase of the tensiometer is very
difficult and complicated and the instrumentations cause some soil disturbance which
may affect test results.

Figure 2.6 Tensiometer based technique for SWCC measurements a. Toker (2004) b. Toll
et al. (2015).
Other techniques including the Syringe pump (Znidarcic et al. 1991), automated
system (Ray and Morris 1995), and transient release and imbibition method (TRIM)
(Wayllace and Lu 2012) have been developed to continuously measure both drying and
wetting paths of SWCCs in a timely manner. These methods utilize the axis translation
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technique proposed by Hilf (1956) where soil specimens are artificially dried and wetted.
This technique simply translates the origin of reference for the pore-water pressure from
standard atmospheric conditions to the final air pressure in the chamber so that the water
pressure in the system will remain within a level where the problem of cavitation is
prevented (Fredlund and Rahardjo 1993). The syringe pump method controls continuous
water volume extraction and infusion at a desire flow rate using a flow pump. Pneumatic
pressure is imposed in one step to induce unsaturated flow and the generated pressure
difference is measured across the specimen with a differential pressure transducer. This
method was modified to also measure the hydraulic conductivity function (HCF) as
discussed in Wildenschild et al. (1997). A TRIM method developed by Wayllace and Lu
(2012) has two integrated components: experimental testing and inverse numerical
modeling. Pneumatic pressure is increased during two steps and decreased during one
step and the release/imbibition of water is continuously recorded using an electronic
balance as shown in Figure 2.7. The recorded data is used as an input for the inverse
numerical modeling process to obtain a complete drying and wetting SWCC. This
method was developed to also measure the HCF and took a step further to measure a
wide range of matric suction. This method is considered as a fast method with high
extraction rate since the pneumatic pressure is applied in one or two steps. Ray and
Morris (1995) adopted the technique developed by Znidarcic et al. (1991) by
incorporating automatic control, data acquisition, and data analysis to increase testing
accuracy and efficiency as shown in Figure 2.8. This technique is used in this study and a
more detailed description is included in CHAPTER-3.
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Figure 2.7 TRIM technique (Wayllace and Lu 2012).

Figure 2.8 Automated Tempe cell system (Ray and Morris 1995).
2.1.2.4 Empirical Prediction Models
Several models were developed to predict the SWCC such as Zapata (1999),
Perera et al. (2005), and Torres (2011) models. These models incorporate soil properties
including grain size distribution, plasticity index, group index, and fines content in the
fitting parameters of an analytical equation that represents the SWCC developed based on
regression analysis proposed by Fredlund and Xing (1994). All of these models were
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developed based on correlations between soil properties and the fitting parameters of the
Fredlund and Xing (1994) equation. Differences between models mainly depend on the
soil parameters used in the correlation. Empirical models typically use various particle
size obtained from the grain size distribution curve and the soil plasticity index (PI).
Zapata (1999) correlated the fitting parameters for non-plastic soil (PI=0) with the soil
D60 and for plastic soil (PI>0) with the plasticity index (PI) and percent fine content (soil
passing the #200 sieve). Torres (2011) correlated the fitting parameters for non-plastic
soils with the D10 and with the AASHTO group index (GI) for plastic soil. Perera et al
(2005) correlated the fitting parameters for non-plastic soils with various particle sizes
and for plastic soil with the PI and percent fine content.
2.1.2.5 Factors Affecting Soil Water Characteristic Curve
The shape of SWCC is affected by but not limited to soil type (pore size and grain size
distribution), soil dry density and initial water content, and flow rate.
2.1.2.5.1 Soil Type
The SWCC shape, parameters and hysteresis of soils are controlled by grain size
distribution and soil type. In general, the air-entry value increases with the soil particles
getting finer. It also increases with the plasticity of the soil. In addition, the slope of
transition zone is steeper for a coarser material and consequently the residual matric
suction will be lower in comparison to fine-grained soils (Vanapalli et al. 1999a). Lu et
al. (2007) studied the effect of plasticity index, which is closely relied on the soil fine
content, on the SWCC. It was found that as the plasticity index (PI) increases, the water
retention ability increases and the desaturation rate decreases resulting in the SWCC is
flatter as shown in Figure 2.9. Chiu and Shackelford (1998) studied the effect of kaolinite
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clay content (between 0% and 30%) on the van Genuchten fitting parameters (α and n).
They found that the fitting parameters decreases as the clay content increases. They also
found that the residual volumetric water content increased as the clay content increased.
The variations of van Genuchten fitting parameters and residual volumetric water
contents with kaolin clay content were studied also by Cuceoglu (2016). He found that
the fitting parameter α decreased with higher kaolin clay content. Higher fine content in a
specimen requires more water for reaction because fine materials such as silts and clays
have greater specific surface area than granular materials such as sands and gravels. The
low air entry value is associated with smaller value of α. A large air entry value is
required for a soil with small pores. The pore-size distribution parameter (n) controls the
slope of SWCC. It decreased as the amount of kaolin clay contents in sand-clay mix
increased. The average residual volumetric water contents were plotted versus kaolin clay
content and it was found that it increased as the kaolin clay content increased. A clear
difference was observed between the samples with 0% kaolin clay content (pure sand)
and 100% kaolin clay content. The hysteresis was narrowed as kaolin clay content
decreased because more air was entrapped as the clay content increased. Generally, the
hysteresis becomes more significant when the fine (clay) content increases (Hillel 1998).
2.1.2.5.2 Flow Rate
As mentioned previously that the SWCC is typically measured in laboratories
using testing methods that satisfy equilibrium. Researchers in soil science who first
observed that the SWCC is function of water flow condition. Mokady and Law (1964)
recognized the fact that the SWCC is flow rate dependent. Topp et al. (1967) measured
SWCCs for sand under three conditions: static (equilibrium condition), steady state flow,
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Figure 2.9 Typical SWCCs for different soil types (Fredlund and Xing 1994).
and transient flow. The results shown in Figure 2.10 stated that the steady state results
were quite similar to those for static equilibrium, however during transient flow, sand
retained more water than the steady state flow at a given matric suction. Wanna Etyem
(1982) carried out a set of experiments on sand, loamy sand, clay loams, and fine sand
under equilibrium and non-equilibrium (transient flow). They found that non-equilibrium
effects are presented in these four soil types at different levels. Results show that for fine
grained soils, non-equilibrium effects are less pronounced than coarse grained soils. A
similar finding was observed by Wildenschild et al. (2001) who studied the effect of flow
rate by comparing the results of three different methods: one step approach (fast method),
traditional increments approach, and syringe pump method via constant slow extraction
rate (0.138 mm3/sec). They found that the extraction rate has a measurable effect on the
SWCCs for sandy soil while it did not have a clear effect on fine soil.
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Figure 2.10 Measurements of SWCC under equilibrium, steady state, and transient
condition (Topp et al. 1967).
More recent studies have presented contradictory observations from the studies
described above. Lourenço et al. (2007) found that higher matric suction obtained by
continuous drying was observed in fine soils than that obtained by non-continuous (stage)
drying at the same volumetric water content. More recently, Camps-Roach et al. (2010)
have reported more pronounced flow rate effects in fine grained soils. A number of
physical processes were presented to support these findings and all related to the
deviation from an equilibrium condition. Wildenschild et al. (2005) analyzed x-ray
micro-tomography images of soil during transient conditions to investigate possible
mechanisms that contribute to the non-equilibrium effects. They found that the water
entrapment and pore water blockage are the main two mechanisms causing the nonequilibrium condition. Diamantopoulos and Durner (2012) presented some other possible
mechanisms causing the non-equilibrium condition, including air-water interface
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reconfiguration, water entrapped during drying, and air entrapped during wetting. It is
important to note that most of the research studies on this topic are mainly in the field of
soil science. The non-equilibrium SWCC has been recognized but not fully investigated
in geotechnical engineering (Nikooee et al. 2013). The non-equilibrium can exist in the
field following rapid draw down or flood events where the transient flow involves.
2.1.2.5.3 Initial Water Content and Dry Unit Weight
Vanapalli et al. (1999a) observed that the initial water content has a noticeable
impact on the SWCC. It is found that specimen compacted at dry of optimum has lower
air entry value than those compacted at wet of optimum. For specimens compacted at
optimum water content, the value of air entry is located between the values from wet and
dry of optimums. It is also found that the higher the initial water content, the flatter the
SWCC will be. In addition, Tarantino and Tombolato (2005) found that SWCC is not
affected by the initial water content for matric suction equal or higher than the residual.
The explanation of SWCC behavior under different initial water content can be explained
by the change in soil structure from flocculated on the dry of optimum to the dispersed in
the wet of optimum. However, at residual condition soil structure was not affected by the
water content, thus the parameters of SWCC was not affected.
For a given water content, air entry value increases as the dry unit weight
increases (Yang et al. 2004; Gallage and Uchimura 2010). Sun et al. (2006) found that
specimens with higher dry unit weight has a higher matric suction at a given degree of
saturation. Specimens with higher dry unit weight has smaller void sizes, hence it is
expected to retain more water at higher matric suction than those with larger pore sizes.
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2.1.3 Water Flow through Unsaturated Soils
For both saturated and unsaturated flow, the driving force for water flow through
soils is the hydraulic gradient. The hydraulic gradient is a combination of hydraulic head
and elevation head so that Bernoulli equation is applied for both saturated and
unsaturated soils. The velocity term is usually cancelled when the flow of water through
soils is considered so the Bernoulli equation can be written as:
Eq. 2.1
Where h is the total hydraulic head, y is the elevation head, g is the gravity,
pore-water pressure, and

is the

is the water density. This total hydraulic head is included in

Darcy law and is proportional to the flow velocity by the coefficient of proportionality
(K). Darcy law, which was originally developed for flow through saturated soils, can
equally apply to unsaturated soils and the only difference is that the hydraulic
conductivity (coefficient of proportionally, K), which is assumed constant for saturate
condition, is no longer constant in the case of unsaturated condition (Richards 1931).
Darcy equation for unsaturated soil or frequently called Darcy-Buckingham equation is
an extended form of the original Darcy equation from saturated to unsaturated soil by
considering that the hydraulic conductivity is a function of volumetric water content or
matric suction (Nofziger and Wu 2000). The equation in the x-direction in an isotropic
soil can be written as:

Eq. 2.2
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Where

is the flow velocity,

is the hydraulic conductivity function, and

hydraulic gradient. It can be seen that the existence of

is the

implies that at a given

hydraulic gradient, the flow velocity increases with increasing the soil water content.
Seepage problems in saturated and unsaturated soils can be categorized as
occurring under steady state or transient (or unsteady state) flow conditions. Steady state
flow is typical in natural environment where the flow rate is assumed to be constant with
time. Transient flow condition is a time-dependent flow and is typically temporary and
occur due to external factors (e.g. flood, drawdown, water wave, vibration, rainfall storms
etc.). Steady state flow in saturated soil assumes that the flow rate is linearly proportional
to hydraulic gradient and hydraulic conductivity (i.e. Darcy’s permeability) is the
constant of proportionality. It also assumes that the flow into the soil equals the flow out
of the soils as illustrated in Figure 2.11a. In comparison, steady state flow in unsaturated
soils assumes a constant flow rate but both hydraulic gradient and hydraulic conductivity
vary with time. Transient flow in unsaturated soils is more complicated due to the fact
that all of the parameters are varying so that the flow into the soil does not equal to the
flow out of the soils as shown in Figure 2.11b. Nevertheless, this condition occurs in the
field and when it occurs, it affects the hydraulic soil properties (i.e. distribution of pore
pressure in soil pores and the soil water characteristic curve) and in turn it affects the
mechanical properties of soils (i.e. shear strength and stiffness).
Mathematical expressions have been used historically to describe physical
process. Flow of water through soil (seepage) is not an exception. It starts from Darcy
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Figure 2.11 Illustration of the flow conditions: a) steady state, and b) transient flow
conditions.
law which is the basic law of flow and developed by putting it together with the
continuity equation to generate partial differential equations (Freeze and Cherry 1979).
Regardless the the continuity equation to generate partial differential equations (Freeze
and Cherry 1979). Regardless the differences between saturated and unsaturated, the
formulation of differential equations of flow can be derived in a similar framework.
Freeze and Cherry (1979) presented detailed derivations of steady state and transient
seepage equations, which are summarized in the following:
A differential equation of three dimensional steady state flow in saturated
condition is presented below.

Eq. 2.3
where K is the hydraulic conductivity in the x, y, and z directions, h is the total hydraulic
head. It is noticed that the hydraulic conductivity is only required parameter which
implies that the steady state seepage analysis depends only on the hydraulic conductivity
of soil. If transient flow is considered for saturated soils, the derived partial differential
equation would be:
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Eq. 2.4
where t is the time,

is the unit weight of water and

is the volume of soil

compressibility. It is observed that for incompressible soil where

is insignificant, the

equation will reduce to the equation for steady state flow.
As the soil condition transition to unsaturated, a differential equation of three
dimensional transient flow in unsaturated which is called Richards equation would be
Eq. 2.5
where,

is the slope of the soil water characteristic curve. Because transient is time

dependent, seepage problems is dependent on the movement of the phreatic surface
within the embankments. This movement is controlled by SWCC so that the unsaturated
soil properties inputs into numerical modeling will have a significant impact on the porewater pressure dissipation during reservoir drawdown.
2.1.4 Hysteresis Phenomenon of Unsaturated Soils
As mentioned previously, relationship between water content and matric suction,
SWCC, is not unique even for the same soil. For instance, at a given matric suction,
moisture content varies depending on the drying and wetting paths which is hysteresis.
According to Lu and Likos (2004), hysteretic behavior is caused by several mechanisms
acting on both microscopic and macroscopic scales. They include a) contact angle at the
soil particle-pore water and pore air interface which is varied during the wetting and
drying process, b) irregular shape of pores and non-uniformity of pore size (ink bottle
effect), c) air entrapping in wetting path, and, d) swelling and shrinkage in aged soils.
The magnitude of the hysteresis is mainly dependent on the soil type and generally, it
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becomes more significant when the clay content increases (Hillel, 1998). The hysteresis
phenomenon of unsaturated soils basically can be explained using capillary theory. When
an empty capillary tube of radius, r, as shown in Figure 2.12, is placed in a water bath,
the water will rise inside the tube until it reaches an equilibrium level. This corresponds
to the wetting process of a soil. When a tube filled with water is placed in a water bath,
the water inside the tube will drain until it reaches an equilibrium level. This corresponds
to the drying process of a soil. If a tube with a constant radius is used, the equilibrium
water level inside the tube achieved through the drying and wetting processes will be the
same as illustrated in Figures 2.12a and 2.12.b. The maximum height of water retained in
a capillary tube ( ) can be calculated using Equation 2.6 (Fredlund and Rahardjo, 1993).
Eq. 2.6
where

is surface tension of water,

acceleration,

is density of water,

is gravitational

is radius of curvature of meniscus and equals (

capillary tube, and

, r is radius of the

is contact angle.

However, if an expansion bulb with radial R (R>r) was made in the capillary tube
as illustrated in Figures 2.12c and 2.12d, the water equilibrium level in wetting and
drying paths will be different. It is noticed that the bulb in the tube will prevent the water
to rise behind the base of the bulb during wetting, while during drying the equilibrium
water level will be the same for the tube with and without the bulb.
Another mechanism for hysteresis is the contact angle in wetting and drying
paths. Kumar and Malik, (1990); and, Laroussi and Debacker, (1979) observed that the
contact angle for wetting is higher than that for drying. As the contact angle decreases,
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the radius of curvature increases. Hence, the angle of curvature will be greater for the
wetting meniscus than that for the drying. At a given water content, matric suction from
drying path will be greater than that for wetting path (Dey et al. 2017).

Figure 2.12 Illustration of ink-bottle effect capillary tube model (Modified from Lu and
Likus 2004).
Moreover, the entrapped air within the pore after the drying is also contributed to
the hydraulic hysteresis. Entrapped air does not occur during drying as pores are initially
filled with water and there is no significant amount of air entrapped. But after drying and
water enters in to the pore during wetting, the air entrapped creates pressure over the
rising water meniscus resulting in the empty pores would have more water in comparison
to the filling pores at a particular matric suction (Dey et al. 2017).
2.2 MECHANICAL BEHAVIOR OF UNSATURATED SOILS
The conventional geotechnical designs based on saturated soil mechanics may not
be realistic for unsaturated soils as the matric suction has contribution to the shear
strength. Ignoring this contribution in the design may consider cost-prohibitive. Matric
suction contribution may change as drainage condition change. Therefore, it is essential
to understand the shear strength of unsaturated soil under both drained and undrained
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conditions as well as the matric suction history (drying /wetting) of soils. This section is
explaining the theories and concept of effective stress and shear strength of both saturated
and unsaturated soils with more focus on unsaturated conditions. In addition, literatures
review of shear strength and hysteresis effects on shear strength of unsaturated soil under
both drained and undrained conditions were covered.
2.2.1 Effective Stress Concept
Effective stress is considered a fundamental variable for describing the
mechanical effects due to a change in stress in the soil. The effective stress is applicable
to all types of soil (e.g. sand, silt, clay), because it is independent on the soil properties.
In the first quarter of the 20th century, Terzaghi introduced the effective stress concept. In
this concept, all the measurable effects such as compression, distortion, and change of
shearing resistance are related to the change of effective stress. Terzaghi states that the
stress transmitting through the soil skeleton is a stress state variable that directly
controlling the soil behavior: shear strength and volume change. He successfully
translated this concept into a mathematical expression:
Eq. 2.7
where:

is total stress,

is effective stress, and

is pore-water pressure. This

expression assumes that the soil is saturated and the solid particles and fluid, which is
water, in the pores are incompressible. This equation had been proved experimentally to
govern the soil behavior under completely saturation or completely dry conditions (twophase system) (Skempton 1960). However, if the degree of saturation is less than one and
more than zero (three-phase system), Terzaghi effective stress concept is not applied
because the neutral stress (pore-water pressure) is no longer neutral in the presence of air.
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Since 1960s researchers have developed several approaches of describing the stress state
of unsaturated soils. There are two main approaches that commonly used for describing
the state of stress in unsaturated soils (Lu and Likos 2006): Single stress state variable
modified from Bishop’s approach and extended from Terzaghi’s effective stress, and two
independent stress state variables approach developed by Fredlund and Morgenstern
(1977).
2.2.1.1 A modified Single Stress State Variable Approach
Bishop (1960) extended Terzaghi effective stress expression to a modified
expression that covers both saturated and unsaturated conditions. This expression is
called Bishop’s effective stress expression:
Eq. 2.8
where

is effective stress,

pressure, and

is total stress,

is pore air pressure,

is pore-water

is effective stress parameter. Bishop stated that the parameter

is solely

related to the soil degree of saturation, being zero for dry state and unity for full
saturation. Bishop and Donald (1961) confirmed experimentally the relationship between
the degree of saturation and the parameter

by conducting a series of triaxial tests.

Despite the simplicity of this expression, it was questioned by several researchers.
Jennings and Burland (1962) questioned the validity of the Bishop’s expression by
claiming that it cannot explain the volume change of the collapsible soils. This
conclusion was confirmed by Matyas and Radhakrishna (1968). Moreover, Fredlund and
Morgenstem (1977) argued that the Bishop effective stress expression contains the
material parameter

and the stress state variables should be independent on material

properties. Some researchers pointed out that there is no unique relationship between
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and basic soil properties but it is rather a function of soil type and stress path (Mun 2005).
In summary, the experimental verification of non-uniqueness of the relation between the
parameter

and soil degree of saturation as well as the difficulties associated with

experimental or theoretical determination of the parameter , have limited Bishop’s
approach applicability in research and practice (Lu and Likos 2006). These weaknesses in
Bishop’s approach motivated researchers to search for an alternative approach to
describing the stress state of unsaturated soils.
Khalili and Khabbaz (1998) stated that the effective stress principle converts
multiphase state porous medium to a mechanically equivalent, single-phase state
continuum. This is allowing the application of the principles of continuum solid
mechanics to deformable porous media that filled with fluid such as soils. Khalili and
Khabbaz (1998) plotted the values of Bishop effective stress parameter

against a more

appropriate parameter such as the suction ratio λ which is a ratio of matric suction over
the air entry value, to provide experimental evidence to the validity of the effective stress
principle in unsaturated soils.
Eq. 2.9
where

is matric suction and

is air entry value. Kahlili et al.(2004)

proved experimentally by analyzing a comprehensive set of shear strength and volumetric
change data from both literatures and his data that the Bishop’s effective stress is valid
and he developed a single effective stress expression similar to that for Bishop. Recently,
this expression was extended by Khalili and Zargarbashi (2010) to account for soil
hysteresis. More recently Nikooee et al. (2013) developed an expression that account for
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transient flow condition. This expression has not been validated with an experimental
data.
Lu and Likos (2006) developed a concept that is called “Suction Stress
Characteristic Curve (SSCC)” which is broadly expansion and extension of both Terzaghi
and Bishop effective stress concept. They conceptually lumped the van der Waals forces,
electrical double-layer forces, cementation forces, surface tension forces, and forces
generating from negative pore water pressure, into a macroscopic stress referred to as
“suction stress” to demonstrate the suitability of using the suction stress characteristic
curve (SSCC) for unsaturated soil. They developed an expression that remain in the
single-effective stress framework.
Eq. 2.10
where σs is the suction stress which is mechanically a tensile stress. It can be calculated
experimentally by running a triaxial tests at different initial matric suctions or
theoretically by applying continuum mechanics to multi-phase porous medium. Lu and
Likos (2006) validated this effective stress expression using unsaturated shear strength
data collected from literatures.
2.2.1.2 Two Independent Stress State Variables Approach
This approach was started in 1967 when Aitchison suggested the use of two
independent stress variables. The concept behind this approach was not extended from
Bishop effective stress expression, but rather it went in a parallel line. In the approach
herein, researchers demonstrated that the effective stress for an unsaturated soils is not a
single variable. Hence, it would be inappropriate to combine both external stress and
matric suction into a single effective stress to assess the behavior of unsaturated soils.
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Many researchers suggested using independent stress state variables to describe the
mechanical behavior of unsaturated soils (Colmen 1962; Matyas and Radhakrishna
1968). Coleman (1962) suggested to use the net normal stress (σ-ua) and matric suction
(ua-uw) as stress variables to describe stress-strain relations in unsaturated soils. Fredlund
and Morgenstern (1977) proved experimentally through triaxial tests and theoretically
based on multiphase continuum mechanics that the two independent stress state variables
are governing the unsaturated soil behavior. They proposed the use of net normal stress
(σ-ua) and matric suction (ua-uw) as independent stress state variables in unsaturated
soils. They stated that this approach is consistent with the principles of continuum
mechanics. Lu (2008), however, argued that the two independent variables can be used as
a stress state variables for describing the soil behavior but not as stress variables. Using
continuum mechanics, he proved that using the two variables as stress variables is
fundamentally incorrect. This arguments was supported by Khalili and Khabbaz (1998)
who stated that the two independent approach is in direct contrast to the principles of
continuum mechanics and theory of multi-porosity. Despite of these arguments, the two
independent stress state variables is still used for describing unsaturated soil behavior in
both research and practice fields.
To date, the two main approaches are used by researchers for data interpretation.
However, in practice, the two independent stress state variables is more commonly used
for example it is embedded in some of the software packages (i.e. GEOSLOPE).
2.2.2 Shear Strength Theory
The shear strength of a soil can be related to the stress state in the soil. The stress
state variable of saturated soils is the effective normal stress (σ − u). Terzaghi (1936)
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described the shear strength of saturated soils from a combination of effective stress and
Mohr-Coulomb failure criterion which defines shear strength in terms of the material
variables (i.e. effective angle of internal friction ( ) and effective cohesion ( ), and
effective stress.
Eq. 2.11
where

is shear strength at failure,

internal friction, and

is effective cohesion,

is the effective angle of

is the effective normal stress. This equation defines a linear

relationship between the effective normal stress and the shear strength of saturated soils.
For unsaturated soils, shear strength can be defined by either single effective
stress variable proposed by Bishop et al. (1960); and, Lu and Likos (2006) or two
independent stress state variables proposed by Fredlund and Morgenstern (1977). The
mathematical shear strength equation of unsaturated soils was first suggested by Bishop
et al. (1960):
Eq. 2.12
This equation follows the classical soil mechanics formulation using effective
stress and the conventional Mohr-Coulomb failure criterion. Practically, the advantage of
this expression is that it remains within the context of classical soil mechanics (Lu and
Likos 2004). However, at that time, Colmen (1962); Matyas and Radhakrishna (1968)
and others believed that the equation did not overcome Bishop’s effective stress
expression limitations. They stated that the need to propose an equation based on two
independent variables was then necessary. Fredlund et al. (1978) introduced an equation
for shear strength of unsaturated soils from the two independent stress state variables and
“extended” Mohr-Coulomb failure criterion.
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Eq. 2.13
where

is the internal friction angle with respect to the matric suction at constant net

normal stress. It was observed from the equation that Fredund et al. (1978) introduced a
new parameter (

) to account for the shear strength contributed by matric suction. The

first two terms on the left-hand side of the equation describe the conventional MohrCoulomb criterion for the strength of saturated soil and the third term captures the
increase in shear strength with increasing matric suction in unsaturated soils. The failure
plane was assumed planar with both

and

. The corresponding failure surface for the

extended Mohr-Coulomb criterion is illustrated in three-dimensional stress space as
shown in Figure 2.13. Despite the simplicity of the extended Mohr-Coulomb criterion for
describing the strength of unsaturated soil, its general validity over a wide range of matric
suction is questionable. There is significant experimental evidence showing that the angle
of friction describing the increase in shear strength with respect to matric suction

is a

highly nonlinear function of matric suction (e.g., Gan et al. 1988; Vanapalli et al. 1996).
The value of

for a given soil equal or close to the internal friction angle

for matric

suctions less than or equal to the air entry of a soil (i.e. near the saturated condition) and
decrease non-linearly as the matric suction increase beyond the air entry value as
illustrated in Figure 2.14.
Recently, Lu and Likos (2006) have developed a shear strength equation of
unsaturated soils. It remains within the frame of classical soil mechanics but it includes
the suction stress term to account for the matric suction. The suction stress can be
calculated from triaxial tests results using Eq. 2.15.
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Eq. 2.14

Figure 2.13 Extended Mohr-Coulomb failure envelope for unsaturated soils (Fredlund
and Rahardjo 1993).

Figure 2.14 Nonlinearity in relationship between
(Fredlund and Rahardjo 2012).
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and matric suction for CW test

Eq. 2.15

Several investigators proposed different models to predict the shear strength of
unsaturated soils and mainly use SWCC as a tool for predictions along with the saturated
shear strength parameters,

and

. Khalili and Khabbaz (1998) suggested an

unsaturated shear strength equation for all type of soils. It was assumed that the
relationship between shear strength and matric suction is linear for matric suction below
the air entry value and the non-linearity starts after this value. Khalili and Khabbaz
(1998) shear strength prediction equation is similar to the Bishop et al. (1960) equation
with exception that the Bishop parameter X was replaced by a suction ratio λ. Vanapalli
et al. (1996a) suggested an equation for shear strength prediction that including
normalization of volumetric water content for the range between zero to residual matric
suction without using any fitting parameter.
Eq. 2.16
where ,

and

are the volumetric water content, residual volumetric water content

and saturated volumetric water content, respectively.
Lu et al. (2010) derived a closed form equation to predict shear strength of
unsaturated soils by using suction stress concept. He linked the suction stress (

) to the

Van Genuchten fitting parameters (α and n) and developed an expression to estimate the
suction stress from the SWCC.
Eq. 2.17
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2.2.3 Shear Strength Measurements of Unsaturated Soils
Generally, there are two types of triaxial compression tests commonly used for
unsaturated: Consolidated Drained (CD) triaxial test and Constant Water Content (CW)
triaxial test. The CD triaxial test refers to the test condition of a consolidated specimen
where drained condition is maintained for both pore-air and pore-water phases during
shearing while the CW triaxial test which is an undrained-type test refers to the test
condition of a consolidated specimen where drained condition is maintained for the poreair phase but undrained condition is maintained for the pore-water phase during shearing.
In saturated soils, triaxial test is usually performed to replicate both loading and drainage
field conditions. Likewise, in unsaturated soils, the type of test is selected to replicate the
field condition. External water level changes in dams, levees, and channels, slopes
subjected to heavy rainfall or earthquakes are more likely a case of undrained condition.
The common laboratory measurement technique of measuring unsaturated shear
strength is the triaxial test. This technique used for testing unsaturated soils differ from
those used for testing saturated soils principally because of the need to measure and or
control both the pore air pressure and the pore water pressure independently. In early
work, Bishop and Henkel (1962) modified the conventional triaxial test by using a high
entry porous disc to separate the water from the air. This concept called axis translation
technique defined earlier. The porous disc allow only water passage to pass through but
not the air. This technique also helps to overcome the water cavitation issue for high
matric suction (i.e. >100kPa). Since then the concept of measurement technique remains
the same but only minor improvements, usually the replacement of mechanical by
electronic measuring, control systems and data logging have been introduced in the last
several decades.
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The general principles associated with the shear strength of a saturated soil apply
also to unsaturated soils. For example, the shear strength of a soil changes when the stress
state of a soil is changed. If saturated soil is considered, water flow is considered as a
seepage force that influences the effective stress in soils. As a result, the shear strength
can be estimated using Terzaghi equation. For this case, it does not matter whether water
flow in or out of the soils so hysteresis is not an issue for saturated soil. For unsaturated
soils, however, the SWCC is governed the flow of water. The direction of flow
(following drying or wetting) can affect the “effective stress” of unsaturated soils and in
turn affect the shear strength, therefore, it is necessary to understand the mechanical
behavior of unsaturated soils along both drying and wetting paths.
2.2.4 Effect of Hydraulic Hysteresis on Shear Strength
Many studies were conducted to improve understanding the shear strength
characteristics of soil under unsaturated conditions and mainly following the drying path
(Satija 1978; Ho and Fredlund 1982; Gan et al. 1988; Vanapalli and Fredlund 2000;
Houston et al. 2008; etc). Few researchers, however, measured experimentally the shear
strength along the drying and wetting paths but they did not consider the undrained
condition under wetting path. Rahardjo et al. (2004) studied the shear strength of
unsaturated soils along the drying path from constant water content triaxial tests (CW)
and consolidated drained (CD) triaxial tests of compacted residual soil. They found that
the shear strength of CD tests is slightly higher that the shear strength of CW tests.
Rahardjo et al (2004) suggested that the differences in the shear strength behavior of a
soil could be attributed to the hysteresis of the soil. The degree of saturation of soil at the
end of shearing in the CD triaxial tests was higher than those from CW triaxial test at a
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given matric suction. The degree of saturation of a soil could represent the area of the
pore-water in contact with the soil particles which contributes to the increase in shear
strength of the soils when subjected to matric suction Rahardjo et al. (2004). Gaun et al.
(2009) conducted a series of CD triaxial tests on compacted sand-kaolin specimens to
study the shearing behavior of soil on the drying and wetting paths but the data were
limited to two points on each path. The study indicated that the soils on the wetting path
had a lower shear strength and exhibited higher stiffness, more brittleness and dilation
during shearing while the soils on the drying path had a higher shear strength and
exhibited lower stiffness, more ductility and contraction during shearing. Uchaipichat
(2010) conducted a series of CD triaxial tests on a compacted kaolin. They found that the
shear strength of the specimens following the drying path was higher than those on the
wetting paths. Thu et al. (2006a) investigated the effects of hysteresis on shear strength
envelopes from constant water content and consolidated drained triaxial tests. Nishimura
and Fredlund (2002) studied the hysteresis effects, resulting from drying and wetting
under relatively high total suction conditions, on the shear strength of a compacted silty
soil and compacted kaolin. Han et al. (1995) studied the hysteresis effect on the shear
strength of residual soils. All these studies reported that the drying path showed slightly
higher shear strength than the wetting path. They suggested that this difference is related
to the contact area of water in the soil (less water during wetting thus less contact area
between water and particles) which affects the inter-particle forces and resulting in lower
shear strength for wetting. However, Koury and Miller (2011) reported the effects of
hysteresis on the unsaturated shear strength of silty. They found that soil specimens on
wetting path had higher shear strength than those on the drying at the same matric
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suction. Galage and Uchimura (2006) studied the effects of wetting and drying on the
unsaturated shear strength of silty sand under low suctions and reported that the soil at
wetting had higher shear strength than the soil at drying under same matric suction.
Shemsu et al. (2005) studied the influence of the cyclic suction loading on the shear
strength of unsaturated soil. It was concluded that specimens subjected to cyclic suction
loading showed higher peak shear strength. Other studies such as Zhang et al. (2016)
investigated the influence of matric suction history on the shear strength of unsaturated
statically compacted soil. They found that specimens subjected to matric suction higher
than the prior to shear matric suction exhibited higher strength than specimens shear at
as-compacted condition. It is important to note that all these tests conducted under
Consolidated Drain (CD) triaxial testing condition. Consolidated drained test is not
always replicate the actual field drainage condition. Therefore, research is needed to
investigate the soil behavior under undrained conditions.
2.3 CONE PENETRATION TESTS IN UNSATURATED SOILS
2.3.1 General Description of Cone Penetration Test (CPT)
The cone penetration test (CPT) is one of the most useful in situ tests commonly
used in geotechnical site investigation to assess the subsurface profile. The advantages of
this tests is that its ability to rapidly test to a desired depth and provide continuous
indications of soil stratigraphy. However, its disadvantage is that its incapability to
collect subsurface samples, thus standard field sampling methods are still required. The
way how the CPT conduced is that the instrumented probe is pushed into the ground at a
penetration rate of 2 cm/s, while simultaneously measuring the forces of cone tip and the
sleeve behind the tip. These forces are converted to the tip resistance and sleeve friction
by dividing by the projected area of the tip and sleeve area, respectively. The cone
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penetration data can be used for soil classification (Robertson et al. 1990). Robertson et
al. (1990) developed Soil Behavior Type (SBT) specifically for soil classification using
the CPT data. In the SBT, tip resistance and friction ratio, which is sleeve friction divided
by tip resistance are normalized for overburden at the depth of interest. Together these
two values can be used to determine the soil behavior type using an empirically derived
expressions. Pore-water pressure measurements can be used to refine soil identification.
It is important to note that most of the cone penetration tests treated the in situ soil as a
fully saturated regardless if the tests penetrating through saturated or unsaturated soil
profile. In other words, the current state of practice ignores the effect of matric suction on
cone tip resistance in soil profile above the water table because very little information
regarding the interpretation of cone penetration results in unsaturated soil deposits.
2.3.2 Cone Penetration Testing in Unsaturated Soils
Generally, cone penetration testing in unsaturated soils is not well explored in
the literature. Most of the work in unsaturated soils were done on cohesion-less soils
(Hryciw and Dowding 1987; Lehane et al. 2004; Pournaghiazar et al. 2013a; Yang and
Russell 2015a). Hryciw and Dowding (1987) performed CPTs in sand at varying degrees
of saturation in small laboratory samples to gain insight into the behavior of unsaturated
condition. They found that cone tip resistance (qc) in an unsaturated soil condition can be
increased up to two times compared with the tip resistance in dry and saturated soils.
Vanapalli and Mohammed (2013) conducted several CPTs in a specially designed tank
and demonstrated a meaningful influence of suction on cone resistance and bearing
capacity of sand. Pournaghiazar et al. (2013a) performed CPT in a calibration chamber
contain unsaturated sands at different initial densities and confining stresses. They
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showed that as matric suction increased, tip resistance increased. Recent laboratory
suction-controlled CPT results in unsaturated silty sand conducted by Yang and Russell
(2015a) were also showed the meaningful influence of matric suction on the measured qc.
Lehane et al. (2004) conducted field studies on Perch sand to evaluate effects of soil
moisture contents on the qc and found that seasonally fluctuation of soil moisture content
impacted the qc values by a factor of 2. All these studies were limited to clean sand where
matric suction values much lower than that measured in clayey and silty soils. However,
research on the CPT in unsaturated fine-grained soils is very limited (Tan 2005; Miller et
al. 2018). Tan (2005) found that the increase of matric suction in the soil caused
increasing cone tip resistance determined by miniature CPTs. Recently, Miller et al.
(2018) conducted laboratory CPTs and field investigation to investigate the effects of
matric suction on qc on fine-grained soils. More research on unsaturated fine-grained soil
is still needed to develop an interpretation correlations that can be useful in practice.
2.3.3 Miniature Cone Application in Geotechnical Centrifuge
Centrifuge testing is a powerful technique to model many geotechnical
applications. An estimation of cone penetration resistance profile is necessary to
characterize the soil and link with field data. In the past decades, the miniature CPT has
been developed and extensively used for centrifuge modeling of dry and saturated soil
models. The cone tip resistance (qc) is widely used for soil characterization at various
stages of loading, which is important for a parametric research study. In several studies
miniature cones have been used to investigate factors affecting the CPT results. These
factors include container size, boundary condition, penetration rate, spacing, and
acceleration gravity (Lee 1990; Bolton et al. 1999; Balachowski 2007; Liu and Lehane
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2012, Sharp et al. 2010, Wei et al. 2015). The CPT studies in geotechnical centrifuge
have been mostly performed in dry or saturated soils (Esquivel and Ko 1994; Silva and
Bolton 2004; Balachowski 2007; Sharp et al. 2010; Liu and Lehane 2012; El-Sekelly et al
2014; Kim et al 2015; Ouyang and Mayne 2018, etc). Esquivel and Ko (1994) developed
a miniature piezocone for centrifuge testing at University of Colorado at Boulder. The
cone was 12.7 mm in diameter and 305 mm in length and was capable of measuring tip,
total resistance and pore water pressure. CPTs were performed on soft clay specimens at
the rate of 2 cm/s and results were compared with vane shear tests. Bolton et al. (1999)
analyzed the results of CPTs performed on very dense sand with three different diameter
of miniature cones (19 mm, 10 mm and 6.35 mm) in five European centrifuge centers and
found that there is no scale effect on cone resistance for medium and coarse sand when
the ratio of size of the model to the average grain size (B/d50) is higher than 20. Lee
(1990) showed for a 12 mm diameter probe, a 10-cm distance between the cone tip and
the container base is enough to prevent any bottom boundary effect. Balachowski (2007)
performed centrifuge CPTs with a 12 mm miniature cone at 30g, 60g and 100g in two
uniform quartz sands of different grain size to analyze the effect of particle size and stress
level on the cone resistance. The results showed that cone resistance increase when
(B/d50) falls below 17. Sharp et al. (2010) performed centrifuge tests at Rensselaer
Polytechnic Institute to evaluate the liquefaction and lateral spreading response. Different
cones with diameters of 4, 8, and 12 mm were used which were capable of measuring the
cone tip resistance but not the sleeve friction or pore water pressure. The tests were
performed at different centrifuge accelerations of 3 to 9g and penetration rate of 0.05 to
1.0 cm/s. Results showed that the measured cone tip resistance could predict the
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liquefaction and lateral spreading response well and confirm the penetration-based
seismic liquefaction charts. Liu and Lehane (2012) examined the effect of particle shape
on cone tip resistance by performing CPTs on different silica materials using a 5 mm
miniature cone at different g-levels of 50, 100 and 200. Results shows the particle shape
has a significant effect on cone resistance and revised expressions for estimating the
friction angle based on CPT results considering the effect of particle shape.
For unsaturated soils, however, it is important to account for soil moisture
conditions for interpretation of CPT results because variations of water contents affect
matric suctions and soil stress state (Yang and Russell 2015a). Effects of degree of
saturation (or matric suction) on qc have been studied and almost all of them were limited
to lab or field testing and focus on sandy soils. Jarast (2017) is considered the only study
found in the literature for performing centrifuge CPTs on unsaturated Ottawa sand to
investigate the effect of matric suction on qc. They found that the qc increases
approximately twice as much in comparison between unsaturation and saturated
conditions. In all of these cases, there is evidence that the cone penetration resistance can
be significantly influenced by increase in effective stress associated with increase in
matric suction which generally resulted in increasing tip resistance.
2.3.4 Interpretation of Cone Penetration Tests
2.3.4.1 Theoretical Analysis of Cone Penetrations
As indicated by Yu and Mitchell (1998), the tip resistance can be used to predict
soil properties by employing theoretically based empirical correlations. Theoretical
solutions can provide a useful framework to investigate the influence of certain soil
parameters on CPT results. Experimental data can later be fitted into the theoretical
framework to form semi-theoretical correlations (Russell and Khalilli 2006a). For the
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theoretical solutions, Yu and Mitchell (1998); Pournaghiazar (2011a) reviewed the
bearing capacity theory, cavity expansion theory and other theories and suggested to use
the cavity expansion theory as it gives the closest overall agreement between the
predicted and measured cone penetration resistances. Below is an explanation of the two
common penetration theories used.
2.3.4.1.1 Bearing Capacity Theory
One of the first approaches for the analysis of the cone penetration test is the
bearing capacity theory. The limit equilibrium analysis is usually used to determine the
cone tip resistance. It is widely used for predicting the end bearing capacity of piles. The
failure mechanisms used for the analysis are proposed by several researchers (Prandtl,
1921; De Beer, 1967; Meyerhof, 1961; Bishop et al., 1945; Durgunoglu and Mitchell,
1975). Durgunoglu and Mitchell, (1975) reported a bearing capacity equation specifically
for static cone penetration extended from the bearing capacity for deep foundation in
assuming the failure pattern. Durgunoglu and Mitchell, (1975) approach accounts for
important parameters such as cone apex angle, soil-cone roughness ratio, and relative
penetration depth. Bearing capacity factors were calculated using derived equations
considering such parameters and assumed that the failure is general shear failure and the
soil is incompressible. However, for compressible soils, Durgunoglu and Mitchell, (1975)
stated that other bearing capacity equations were derived but they have not been verified.
It should note that these equations derived based on dry or fully saturation conditions.
Recently, Miller et al. (2018) extended the bearing capacity theory for penetration
developed by Durgunoglu and Mitchell, (1975) to be used for unsaturated soils by
incorporating the matric suction parameter. One of the main assumptions made is that the
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soil is rigid so that the matric suction would be constant during penetration. Miller et al.
(2018) manipulated the effective friction angle for calculating the cone tip resistance
using the bearing capacity equation to match the measured and the predicted data. Once
matched, a correlation between the matric suction and cone tip resistance was developed
for different soil type identified based on its plasticity.
2.3.4.1.2 Cavity Expansion Theory
Analogy between the cavity expansion theory and the cone penetration in elasticperfectly plastic was first established by Bishop et al. (1945). Vesic (1972) extended
Bishop’s work and suggested approximate solutions for cavity spherical and cylindrical
expansion in compressible soils. He assumed that the cone tip resistance is related to the
pressure required to initiate and expand a cavity in soil from a radius equal to zero to a
radius equal to the cone penetrometer. The behavior of the plastic zone surrounding the
cavity was defined by the Mohr-Coulomb failure criterion. Expansion of a cavity model
in soil is illustrated in Figure 2.15. The figure shows a cross section of the cavity and
surrounding soils. The inner section represents the expanding cavity initiated during
penetration. The initial radius of the cavity designated by Ri which is zero before
penetration. Ru is the ultimate or maximum cavity radius can be achieve which is equal
the cone penetrometer and the Pu is the ultimate cavity pressure. Surrounding the Ru is the
soil in plastic zone. The plastic zone extended to a radius of Rp and associated radial
displacement of up. Outside this zone, soils assume infinite mass and behave elastically.
After Vesic (1972), significant progress was made in developing cavity expansion
solutions by adapting improved soil stress-strain models and yield criteria in both clay
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and sand (Collins et al. 1992). More specifically, many researchers have related limit
pressure solutions to cone tip resistances (Collins and Stimpson 1994; Cater et al. 1986;

Figure 2.15 Cavity expansion theory (Vesic 1972).
Yu and Houlsby 1991; Salgado et al. 1997; Salgado and Randolph 2001; etc). All these
studies have considered the fully saturated condition regardless the actual field condition
leaving a knowledge of gap for soils that in an unsaturated condition. Miller and
Muraleetharan (2000) demonstrated that the cavity expansion theory for saturated soils
might be used to interpret pressure-meter test (PMT) results in unsaturated soils. They
extended the Vesic (1972) conventional cavity expansion theory to cover the unsaturated
soil by incorporating the matric suction in the equation. Assumptions made by (Vesic
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1972) for saturated soils and expanded by Muraleetharan et al. (1998) to cover
unsaturated soils and modified later by Tan (2005) are listed below:
 Outside the plastic zone, the soil behaves as an elastic martials, (E, v), within the
plastic zone, the soil behaves as a compressible plastic material. Muraleetharan et al.
(1998) derived an equation to link the ultimate and cavity radius through the rigidity
index.

, where:

: Reduced rigidity index,

: Radius of plastic zone, and

: Ultimate radius equals to the radius of the cone.
 Poisson ratio assumes a 0.333
 Gravimetric water content and matric suction assume constants during penetration.
 Modulus of elasticity taken from pressure-meter test (PMT).
 Pore air pressure remain atmospheric during penetration, (ua = 0 kPa)
 Radial pressure at the cavity wall (Pu) was equal to the cone penetration resistance, qc
of the CPT tests.
2.3.4.2 Previous Studies for CPT Data Interpretations
Cone penetration test results can be interpreted using either empirical
correlations-based or semi-theoretical correlations-based (Lunne et al. 1997). The
empirical correlations were mainly developed from calibration chamber test results. For
saturated or dry soils cohesion-less soil, fully drained conditions were assumed. An
empirical correlation between cone penetration resistance (qc) and angle of internal
friction or relative density (Dr) were generated (e.g. Schertmann, 1978; Villet and
Mitchell, 1981; Baldi et al., 1982; Salgado et al., 2000; Cudmani and Osinov, 2001; and
Robertson and campanella (1983a). On the other hand, for cohesive soils, undrained
conditions were assumed in the interpretation. Interpretations for the undrained shear
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strength were made with the cone tip resistance including a correlation cone factor
designated by Nk. Robertson and campanella (1983b) suggested using Nk values of 15 for
preliminary assessment of undrained shear strength and for sensitive clays. Aas et al.
(1986) presented correlations between cone factor and plasticity index. It was observed
that the cone factor increased with increasing plasticity. The values varied between 11
and 18 for the range of plasticity used in their study. On the other hand, for cohesive soils
under drained condition, effective stress analysis, Ouyang and Mayne, (2018) have
recently explored a relationship between effective angle of internal friction and cone tip
resistance. Correlations for saturated and dry soils were developed based on a large
quantity of data and they have been validated using the solutions of cavity expansion
theory so that they are confidently used in practice.
In unsaturated soils, however, only few calibration chamber tests (Miller et al.
2002; Tan 2005; Pournaghiazar 2011b; Yang and Russell 2015a) were conducted and
only recently attempt have been made to establish a new empirical correlation for
unsaturated soils (Tan 2005) or extending the existing correlations for saturated dry soil
to be used for unsaturated (Pournaghiazar and Khalilli 2013a) because limited database is
existed. This will leave engineers in practice to interpret CPTs performed in unsaturated
soils using correlations developed for saturated soils, which leads to unknown
misrepresentations in estimated properties, despite their awareness of the positive effect
of matric suction (Pournagiazar et al. 2013b).
Alternatively theoretical solutions can provide a useful framework to investigate
the influence of certain soil parameters (i.e. matric suction) on CPT results. Experimental
data can later be fitted into the theoretical framework to form semi-theoretical
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correlations (Yang 2014). Russell and Khalili (2002) developed a solution for cavity
expansion in unsaturated soil within the effective stress framework. Modified Cam-Clay
model was used to describe the behavior of unsaturated soil. The study showed that
matric suction significantly increased the limit pressure of a spherical cavity. Russell and
Khalili (2006b) also showed that the pressure required to expand a spherical cavity in an
infinite sand mass is related to cone penetration resistance, and it could be increased in an
unsaturated condition due to the presence of matric suction. Pournagiazar et al. (2013b)
developed a semi-analytical procedure to convert the penetration resistance measured in
the calibration chamber to equivalent field values based on a solution for spherical cavity
expansion in soils of finite radial extent considering the effect of chamber size and
boundary conditions (Pournaghiazar et al. 2012). Muraleetharan et al. (1998) developed
equations for cavity expansion of spherical and cylindrical cavities in an infinite
unsaturated soil mass by extending the Vesic’s (1972) cavity expansion equations and
adding more assumptions to the equation to facilitate the solution. Tan (2005) adopted the
Muraleetharan et al. (1998) solution of spherical cavity expansion equations with more
assumptions made to build a methodology for interpreting CPT in unsaturated soils.
Recently Collins (2017) have developed a preliminary correlation based on cavity
expansion theory and lab testing results to predict the cone tip resistance. All these
studies of unsaturated soils assume that matric suction is constant implying that the drain
condition is considered.
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CHAPTER 3
EFFECTS OF FLOW RATE AND CLAY CONTENT ON SOIL WATER
CHARACTERISTIC CURVES
3.1 INTRODUCTION
Seepage problems in saturated and unsaturated soils can be categorized as
occurring under steady state or transient flow conditions. Steady state flow is typical in
natural environment where the flow rate is assumed to be constant with time. Transient
(or unsteady state) flow conditions are typically temporary and occur due to external
factors (e.g. flood, water wave, vibration, etc.). Steady state flow in saturated soil
assumes that the flow rate is linearly proportional to hydraulic gradient and hydraulic
conductivity (i.e. Darcy’s permeability) is the constant of proportionality. In comparison,
steady state flow in unsaturated soils assumes a constant flow rate but both hydraulic
gradient and hydraulic conductivity vary. Transient flow in unsaturated soils is more
complicated due to the fact that all of the parameters are varying. Nevertheless, this
condition occurs in the field and when it occurs it leads to failure. A better understanding
of transient flow in unsaturated soil critically important in geotechnical engineering.
A relationship between water retention and matric suction, also known as the soil
water characteristic curve (SWCC), is important to unsaturated soil mechanics. The
SWCC is typically measured in laboratories using testing methods that satisfy
equilibrium. Test methods including hanging column, Tempe cell, and pressure plate
extractor where water is allowed to drain slowly under an applied matric suction until the
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specimen reaches an equilibrium condition. Laboratory measurement typically takes
weeks or months involving with preparing and testing several identical samples and
results are reported as discrete points that are then plotted together to develop the SWCC.
Most of the techniques are capable of measuring the drying path, but measuring the
wetting path, while possible, is rarely performed.
Previous studies (Topp et al 1967; Elzeftawy and Manuel 1975) showed
experimentally that the SWCCs measured for both equilibrium and steady state
conditions are approximately the same. However, this assumption may only be valid for a
limited range of flow velocity (or flow rate) and its corresponding hydraulic gradient
based on various soil properties. Several research efforts have been focused on
developing techniques to enhance the SWCC testing efficiency by testing under quasistatic equilibrium conditions where the flow velocity is slow enough to ignore the
deviation from steady state and equilibrium conditions. Various methods utilizing the
axis translation technique (Hilf 1956) such as syringe pump system (Znidarcic et al
1991), and automated Tempe Cell system (Ray and Morris 1995) involve measuring
matric suction while applying a constant flow through soil specimens. Transient release
and imbibition method (TRIM) has been developed recently by Wayllace and Lu (2012)
involves measuring matric suction under transient flow condition. Other methods
including tensiometric-based method method (e. g. Cunningham 2000; Toker et al 2004;
Lourenço et al 2007; Lourenço et al 2011; Toll et al 2015 and Chen et al 2015) involves
measuring matric suction under varying rates of evaporation.
Mokady and Law (1964) recognized the fact that the SWCC is flow rate
dependent. Topp et al (1967) measured SWCCs for sand under three conditions: static
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(equilibrium condition), steady state flow, and transient flow. They found that the steady
state results were quite similar to those for static equilibrium, however during transient
flow sand retained more water than the steady state flow at a given matric suction. Wanna
Etyem (1982) carried out a set of experiments on sand, loamy sand, clay loams, and fine
sand under equilibrium and transient flow. They found that non-equilibrium effects are
presented in these four soil types at different levels. Results show that for fine grained
soils, non-equilibrium effects are less pronounced than coarse grained soils. A similar
finding was observed by Wildenschild et al (2001) who studied the effect of extraction
rate by comparing the results of three different methods: one step approach (fast method),
traditional increments approach, and syringe pump method via constant slow extraction
rate (0.138 mm3/sec). They found that the extraction rate has a measurable effect on the
SWCCs for sandy soil while it did not have a clear effect on fine soil.
More recent studies have presented contradictory observations from the studies
described above. Lourenço et al. (2007) found that higher matric suction obtained by
continuous drying was observed in fine soils than that obtained by non-continuous (stage)
drying at the same volumetric water content. More recently, Camps-Roach et al (2010)
have reported more pronounced flow rate effects in fine grained soils. A number of
physical processes were presented to support these findings and all related to the
deviation from an equilibrium condition. Wildenschild et al (2005) analyzed x-ray microtomography images of soil during transient conditions to investigate possible mechanisms
that contribute to the non-equilibrium effects. They found that the water entrapment and
pore water blockage are the main two mechanisms causing the non-equilibrium
condition. Diamantopoulos and Durner (2012) presented some other possible
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mechanisms causing the non-equilibrium condition, including air-water interface
reconfiguration, water entrapped during drying, and air entrapped during wetting. It is
important to note that most of the research studies on this topic are mainly in the field of
soil science. The non-equilibrium SWCC has been recognized but not fully investigated
in geotechnical engineering (Nikooee et al. 2013), thus further research in this topic is
needed.
The purpose of this study is to investigate the effect of flow rate on SWCCs of
both drying and wetting paths for sandy soil mixed with a varying percentages of clay.
The SWCC presented in this study utilized an automated system developed by Ray and
Morris (1995). The test was performed by extracting water out of the specimen during
drying and infusing water into the specimen during wetting at a controlled flow rate.
Hysteresis behavior and parameters of SWCCs were evaluated for different flow rates
and soil types. One-dimensional analysis was performed to estimate a point when the
deviation from equilibrium condition would occur.
3.2 METHODOLOGY
3.2.1 Materials Used
This study focuses on the effect of clay content on SWCCs and samples were
prepared with pure sand mixed with kaolinite clay at varying percentages ranging from 0
to 30%. The sand used was uniform fine silica sand native to Columbia, South Carolina.
The grain size distribution of the sand is shown in Figure 3.1 and was obtained using
sieve analysis method following ASTM D-422. Four variables used for the study were
pure sand, and sand with 10%, 20%, 30% clay content by weight. Physical properties of
the four soils are tabulated in Table 3.1.
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Figure 3.1 Grain size distribution of sand
Table 3.1 Material properties.
Properties
1

Gs
2
LL
3
PI
4
Ks (cm/s)

0
2.670
N/A
NP
4.0E-3

10
2.667
20
2
2.0E-4

% clay content
20
2.662
22
5
5E-5

30
2.658
27
11
1.0E-5

1. For 0% clay: measured following ASTM (D-854) standard, while for (10, 20, 30% clay:
calculated using a linear relationship suggested by Ling, et al.
2. Measured accordance with ASTM (D-4318).
3. Calculated using the relationship (PI= LL-PL).
4. Measured according to ASTM (D-2434).

The configuration of an automated system revised from Ray and Morris (1995) is
shown in Figure 3.2. It consists of a regulated air pressure supply, a digital flow
controller manufactured by the GDS Instruments, a Tempe cell manufactured by Soil
Moisture Corp., a differential pressure transducer, and in-house data acquisition system
(Awad et al 2017). The Tempe cell includes a porous ceramic base plate. When the
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porous ceramic plate is completely saturated, it allows water to pass through it but not air.
The differential pressure across the sample is limited by the ceramic plate air entry value
and is measured by the air/water differential pressure transducer as shown in Figure 3. 2.

Figure 3.2 Automated Tempe cell system configurations (Revised from Ray and Morris
1995).
For this study, ceramic plate air entry values of 100 kPa for pure sand and 200
kPa for clayey sand were used. The ceramic air entry of 100 kPa is probably sufficient for
sand to reach the residual volumetric water content, where the matric suction is
significantly increases and only small addition amount of water will be drained.
However, the ceramic air entry of 200 kPa may be not sufficient for clayey sand to reach
the residual volumetric water content value. Testing at matric suction higher than 200 kPa
was not possible due to limitations of Tempe cell system.
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3.2.2 Specimen Preparation
The saturation of ceramic is an important step for preparing soil sample in the
Tempe cell and can be achieved through partially immersing the porous ceramic plate in
de-aired water for 24 hours as shown in Figure 3.3. The saturation occurs via capillary
action phenomenon. Air bubbles in the micro-pores are extracted out of the ceramic plate
through the top surface and replaced by water. The assembly of the Tempe cell was done
under water to ensure that there were no air bubbles in the compartment. The soil
specimen was prepared in a dry state by pluviation and compacted in a brass cylinder
Tempe cell with a diameter of 5.30 cm and a height of 2.50 cm. Soil specimens were
prepared at dry densities of 1.60 for pure sand, and 1.55, 1.50, and 1.47g/cm3 for clayey
sand with clay contents of 10%, 20%, and 30%, respectively. The assembly of the Tempe
cell was performed under water where the water level just above the top of the soil
specimen and the bottom port was opened allowing water to saturate the soil specimen
upward. Thus, air in soil pores exited through the top soil surface and water was allowed
to pool 1 mm above the top of the specimen. This entire process took up to 12 hours for
pure sand and 24-48 hours for clayey sand. Upon a completion of specimen saturation,
the Tempe cell was connected to the air regulation system at the top and the digital
pressure controller at the bottom.
3.2.3 Test Procedure
The test started by increasing air pressure in increments of 33 kPa and the
pressure above and below the soil specimen was allowed to equalize for approximately
20 seconds to reach a hydrostatic equilibrium condition as shown in Figure 3.4. The
maximum pressure was selected so it did not exceed the high air entry value of the porous
ceramic base plate; otherwise air would pass through it and error would be introduced.
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Figure 3.3 Saturation process of the ceramics.

Figure 3.4 Specimen hydrostatic equilibrium condition.
After the hydrostatic equilibrium was reached within the specimen at the highest
pressure, the test commenced. The test started in the drying path when the digital
controller extracted water at a controlled rate from the bottom of the specimen through
the porous ceramic plate. As the test progressed, the pressure difference between the air
and water increased and water content decreased (desaturation). This pressure difference
equals the matric suction in the specimen (Znidarcic et al 1991). Throughout the test, the
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pressure of the water in the digital pressure controller and at the base of the soil specimen
remains positive to avoid the cavitation and prevent forming air bubbles. The test
continued until reaching the desired matric suction (the end of the drying path), after
which the system automatically reversed to the wetting path. During this path, the digital
controller infused water into the specimen through the porous ceramic plate at the same
rate at which it was extracted. Thus, the only difference between the extraction and
infusion rate was the direction of flow as shown in Figure 3.2. The wetting path test was
stopped when it reached the target matric suction of zero (re-saturation).
In this study, a total of fifteen tests were conducted for the four soil types for the
extraction/infusion rates of 0.5, 0.1, 0.05, and 0.025 mm3/sec. The SWCC parameters
shown in Figure 3. 4 were calculated from the measured SWCCs. The air entry value (Ѱa)
defines as the matric suction at which the air starts to replace the water in larger voids
during drying and can be determined from a point of intersection of the two straight-line
portions of the SWCC as illustrated in Figure 2.4 (Vanapalli et al 1999a). The saturated
volumetric water content (θs) is an initial condition before testing starts and the first point
on the SWCC where the matric suction is zero. The residual values: residual matric
suction (Ѱr) and residual volumetric water content (θr) represent a point at which an
increasingly large matric suction and only small amount of additional water drained from
the soil. Moreover, the water phase at this point becomes discontinuous. This point can
be determined from the intersection of two straight lines. One is the extension of the
drying slope and the other is the extension of lower portion of the drying path (Vanapalli
et al 1999a). The slope of both drying path (Sd) and wetting path (Sw) can be determined
using the equation presented in Figure 2.4. The water entry value (Ѱw) defines as the
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matric suction at which the water starts to first fill the small voids on the wetting path and
the air phase at this point become discontinuous. The volumetric water content (θw) is the
water content at which the slope of the wetting path starts to increase significantly after
the water phase becomes continuous. This point (Ѱw, θw) can be determined from the
intersection of the extension of the wetting slope and the lower portion of the wetting
path. The re-saturation matric suction (Ѱsw) is a matric suction at which the specimen has
been absorbed enough water to reach approximately saturation condition and can be
determined from the intersection of the extension of the wetting slope and the upper
portion of the wetting path. The re-saturation volumetric water content (θsw) is the last
point on the wetting path of the SWCC where the matric suction is zero. It is always
located lower than the θs as illustrated in Figure 2.4, due to hysteresis phenomenon.
3.3 RESULTS AND DISCUSSIONS
3.3.1 Effect of Clay Content
The normalized SWCCs were plotted for the four tested soils and compared in
Figure 3.5 to evaluate the effect of clay content on the shape of SWCC. The volumetric
water content was normalized by the initial volumetric water content (40-42.5%) of each
test to allow a better comparison. The SWCCs measured from the slowest rate was
plotted for a comparison. As shown in Figure 3.5, a relatively abrupt decrease in
volumetric water content at low matric suction is observed for the pure sand. Matric
suction varies only from 0 to 9 kPa for approximately the entire range of saturation. This
is to be expected because the sand is uniform sand with a relatively narrow range of pore
sizes. It was observed that during an initial process of drying, the specimen remained
saturated as the matric suction increased. This indicates that air had not yet entered pores
of the specimen. As the soil continued to dry, the matric suction increased and air entered
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some of the pores. The matric suction at which air entered the voids is the air entry value
(Ѱa) defined previously. As the soil continued to dry, the volumetric water content
decreased quickly until it reached the residual value at which the volumetric water
content remained constant while the matric suction increased. The test was reversed from
drying to wetting when the matric suction reached approximately 100 kPa. Within the
measured range, the residual volumetric water content value (θr) could be clearly defined.
It was observed that the (Ѱa) for clayey sands was higher than that for pure sand because
higher pressure would be required to replace water due to smaller pore sizes. After the air
entered the pores, the SWCCs showed a more gradual decrease in volumetric water
content over a wider range of matric suction than that observed for pure sand.

Figure 3.5 Effects of clay content on SWCCs for the slowest rate.
As the sample clay content increased, the matric suction increased at the same
water content. This is to be expected because the size of the pores became smaller with
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higher amount of clay content. However, at the same matric suction the volumetric water
content increased as the sample clay content increased (i.e. for the range of measured
matric suction of 1 to10 kPa, the volumetric water content of 30% clay decreased only by
21% while it decreased by 92% for pure sand). The same behavior is observed for both
the drying and the wetting paths. The tests were reversed from drying to wetting when the
matric suction reached approximately 150 kPa for clayey sands. As shown in Figure 3.5,
the SWCC of the sample with 10% clay content reached the residual volumetric water
content condition for the matric suction at approximately 15 kPa thus the residual values
can be clearly defined. However, for the sample with 20% clay content the residual
values were not clearly defined. For the sample with 30 % clay content, the matric
suction did not quite reach the residual values. The tests were not continued at higher
matric suction due to limitation of the equipment. The effects of clay content on SWCCs
are generally in agreement with Chiu and Shackelford (1998); Fredlund et al (2012) and
Cuceoglu (2016), but this study provides further details of the effect of clay content on
the measured range of matric suction for both the wetting and the drying paths.
3.3.2 Comparison with Empirical Prediction
The SWCC can be predicted using empirical relationships developed by Zapata
(1999), Fredlund et al. (2002), Perera et al. (2005), and Torres (2011). These models
incorporate soil properties including grain size distribution, plasticity index, group index,
and fines content in the fitting parameters of an analytical equation that represents the
SWCC developed based on regression analysis proposed by Fredlund and Xing (1994).
The SWCC for pure sand and clayey sand with 30% clay content are compared
with available empirical relationships proposed by Zapata (1999), Perera et al. (2005),
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and Torres (2011) as shown in Figures 3.6a and 3.6b. All of the models were developed
based on correlations between soil properties and the fitting parameters of the Fredlund
and Xing (1994) equation. Differences between models mainly depend on the soil
parameters used in the correlation. Empirical models typically use various particle size
obtained from the grain size distribution curve and the soil plasticity index (PI). Zapata
correlated the fitting parameters for non-plastic soil (PI=0) with the soil D60 and for
plastic soil (PI>0) with the plasticity index (PI) and percent fine content (soil passing the
#200 sieve). Torres (2011) correlated the fitting parameters for non-plastic soils with the
D10 and with the AASHTO group index (GI) for plastic soil. Perera et al. (2005)
correlated the fitting parameters for non-plastic soils with various particle sizes and for
plastic soil with the PI and percent fine content. For pure sand, it was observed that the
measured SWCC agrees well with Zapata (1999) and Perera et al (2005) for matric
suction lower than 6 kPa. However, the measured values are plotted below the predicted
values for matric suction higher than 6 kPa. The measured SWCC for pure sand does not
match with the model proposed by Torres.
For the clayey sand with 30% clay content, the measured SWCC did plot more
closely to the model proposed by Torres (2011). The measured volumetric water content
is higher for the range of matric suction less than 10 kPa and lower as the matric suction
increases. The measured SWCCs are plotted below the predictive models proposed by
Zapata (1999) and Perera (2005).
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Figure 3.6 Comparison with empirical SWCCs a) pure sand, b) sand with 30% clay.
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3.3.3 Effects of Extraction and Infusion Flow Rate
3.3.3.1 SWCC Shape
Figure 3.7 presents the normalized SWCCs for all of the tests conducted in this
study. Effects of the flow rate on the SWCC for pure sand are illustrated in Figure 3.7a.
Conventional Tempe cell tests were conducted on a pure sand specimen and the results
are compared with the Tempe cell test using the automated system as shown in Figure
3.7a. The results agreed very well indicating that the SWCC measured by the automated
system is under equilibrium condition for pure sand. It is clear that the flow rate has little
to no effect on the shape of the SWCCs for the pure sand specimen. Watson and Whisler
(1968) and Boso et al. (2003) observed the same behavior for uniform coarse-grained
sand and reconstituted clayey silt respectively.
Figure 3.7b illustrates the effect of the flow rate on the SWCCs for clayey sand
with 10% clay content. It is clear that the rate effect is more pronounced in clayey sand
than in pure sand. The SWCC for the drying path was shifted down as the extraction rate
decreased indicating that higher matric suction would be expected for the nonequilibrium condition at the same water content. Similar behavior was observed with
slightly more rate dependence as the clay content increased as shown in Figures 3.7c and
3.7d. The rate effect verifies Camps‐Roach et al. (2010) observation for fine soils. They
found that the relatively fast extraction rate during drying affected the SWCC and they
suggested that the slow rate achieved by applying a small amount of incremental air
pressure (i.e. 2-3 cm water) will provide results close to the equilibrium and steady state
condition. The current study also observed the SWCCs for the wetting path and it was
found that the curve shifted upward as the infusion rate decreased indicating that lower
matric suction would be expected for the non-equilibrium condition at the same
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volumetric water content. On the other hand, at a specific matric suction the volumetric
water content would be lower under the non-equilibrium condition. Moreover, it was
observed that the wetting path appears to be more rate-dependent than the drying path.
The results show that the application of SWCCs measured under equilibrium condition
may not be representing the soil water characteristics under non-equilibrium (e.g.
unsteady or transient flow) condition. For the wetting path in particular, the use of the
equilibrium SWCC is not conservative as it overestimates the matric suction under nonequilibrium condition.
3.3.3.2 SWCC Parameters
This section further quantified the effect of extraction and infusion rate for each
SWCC’s parameters. The parameters of both the drying and the wetting paths were
obtained using conventional graphical method as illustrated in Figure 2.4. The
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Figure 3.7 Extraction/infusion rate effects on SWCCs: a) pure sand, b) sand with 10%
clay, c) sand with 20% clay, and d) sand with 30% clay
quantifying values were tabulated in Table 2 and presented in Figures 3.8 and 3.9. For the
drying path, Figure 3.8 showed that the SWCC parameters for the pure sand were not
affected by the extraction rate. However, the extraction rate has a measurable impact on
some of the SWCC parameters for the clayey sand. Figure 3.8a showed that the Ѱa values
vary with the extraction rate. As the extraction rate increased, the values of Ѱa increased.
Figure 3.8b showed the variation of Sd with the extraction rate and indicated that the
values decreased slightly as the extraction rate increased. This difference could be
observed from the shape of the SWCCs as shown in Figure 3.7. The difference in the
residual matric suction (Ѱr) of approximately 7 kPa was observed due to the difference
between the extraction rate of 0.5 and 0.1 mm3/sec for sand with 10% clay content. The
residual values (Ѱr and θr) for clayey sand with 20% and 30% clay were not quantified
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Figure 3.8 Extraction rate effects on the parameters of drying path of SWCC.
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Figure 3.9 Infusion rate effects on the parameters of wetting path of SWCC.
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because they were not clearly defined. But as shown in Figures 3.7c and 3.7d, they are
expected to be much different for the extraction rate of 0.5 mm3/sec than that of the
slower rate.
For the wetting path, Figure 3.9 also showed that the parameters of the wetting
path for the pure sand were not affected by the infusion rate. The infusion rate has
noticeable effect on the SWCC parameters for the clayey sand. It should be noted that the
SWCC parameters for the infusion rate of 0.5 mm3/sec were not included because the
curve was flat as shown in Figures 3.7b, 3.7c and 3.7d, and the SWCC parameters could
not be clearly defined. The reason for this behavior could be related to the fact that
equilibrium (or quasi-equilibrium) was never reached for the fastest rate. Due to the
nature of unsaturated hydraulic conductivity, as the specimen becomes drier, an
equilibrium condition at the fast flow rate may not be achievable. During the reversal
from extraction to infusion, water may have been collecting outside of the specimen, or
within preferential pathways without fully penetrating into the specimen. The parameters
Ѱsw, and Sw decreased as the infusion rate increased as shown in Figures 3.9a, and 3.9b,
respectively. Figure 3.9a clearly showed that the values of Ѱsw decreased as the infusion
rate increased. It was likely that as the infusion rate increased, the amount of air
entrapped in soil pore spaces increased within the specimen. As a result, it was more
difficult for the specimen to reach full saturation. The Sw decreased very slightly as the
infusion rate increased from 0.025 to 0.05 mm3/sec but the Sw value reduced by 50% for
the rate of 0.1 mm3/sec for 30% clay as shown in Figures 3.9c and Table 3.2 as well as
the observed shape of SWCCs in Figure 3.7. This observation indicated that conducting
test at an infusion rate higher than 0.05 mm3/sec might not be suitable for generating
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SWCC under equilibrium conditions for clayey sand.
Table 3.2 Extraction and infusion rate effects on SWCCs parameters.
% clay
content

Ext/Inf.
Flow rate
(mm3/sec)

0

0.050
0.100
0.500
0.025
0.050
0.100
0.500
0.025
0.050
0.100
0.500
0.025
0.050
0.100
0.500

10

20

30

Drying path
(kPa)
2.3
2.3
2.3
3.2
3.5
3.8
7.4
3.7
4
6
8.5
4.2
5.5
7.0
10.0

(%)
41.0
41.0
41.3
40.5
40.0
40.4
42.0
40.9
41.2
41.0
42.0
41.1
41.7
42.5
42.0

0.69
0.69
0.67
0.47
0.42
0.40
0.37
0.41
0.44
0.39
0.36
0.18
0.18
0.17
0.15

(kPa)
8.5
8.5
8.5
10
11
14
19
11
13
15
22
N/A
N/A
N/A
N/A

Wetting path
(%)
3.7
3.7
3.8
12
12
14
15
17
18
19
21
N/A
N/A
N/A
N/A

(kPa)
5.5
5.5
5.5
9.2
8.5
5.6
N/A
9
6
6
N/A
8.0
7.7
4.7
N/A

(%)
3.4
3.4
3.5
8.0
8.0
8.5
N/A
10
12
13
N/A
18.5
19.0
20.0
N/A

0.53
0.56
0.55
0.28
0.25
0.22
N/A
0.22
0.18
0.15
N/A
0.15
0.14
0.07
N/A

(kPa)
1.5
1.5
1.5
2.1
2.0
2.0
N/A
2.4
2.0
2.0
N/A
2.9
2.6
1.7
N/A

(%)
29.8
30.1
30.5
23
22.5
21
10
26
24
23
15
27.5
26.0
25.0
23.0

As discussed previously, the SWCCs measured under non-equilibrium condition
(fast extraction/infusion rate) appears to overestimate matric suction for the drying path
and underestimate matric suction for the wetting path at the same volumetric water
content. This finding agrees with a previous study by Sakaki et al. (2010). They
conducted experimental tests on fine sand using a modified conventional Tempe cell
instrumented with tensiometer and water content sensors to study the non-equilibrium
effects and compare the results with the equilibrium SWCCs for both drying and wetting
paths. A pressure change was induced by elevating or lowering the outflow reservoir.
Non-equilibrium condition was imposed by changing the time rate of reaching the target
matric suction. It is important to note that the current study was conducted using an
automated system, so the flow rate was precisely controlled and the SWCC parameters
are clearly defined. It is also important to note that previous studies focused on the nonequilibrium effects are on sand-like soils with different uniformity and gradations. The
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focus of this study is to assess the rate effect on clayey sands. Further analysis to evaluate
the deviation point of quasi-static equilibrium to non-equilibrium on the SWCC is
included in the next section.
3.3.3.3 SWCC Hysteresis
The SWCC hysteresis behavior can be visually observed from the shape of drying
and wetting paths as shown in Figure 3.7. Ratios between SWCC parameters for drying
and wetting paths can also be used to quantify the hysteresis behavior. Results are
presented in Table 3.3. It is observed that the ratios range between zero and one. More
hysteresis is expected when the ratios deviated from one. Generally, it was observed from
Table 3 as well as Figure 3.5 that the hysteresis increases as the clay content increases.
Similar results were observed by others including (Yang et al 2004; Cuceoglu 2016). The
reason for this behavior could be related to the amount of entrapped air varying among
soil types. Soils with higher amount of clay content generally would have more small
pores and it was more likely to have more entrapped air causing more hysteresis. This is
explained by the fact that during drying from full saturation, the larger pores drained first,
followed by the smaller pores while during wetting from fully dry conditions, water filled
smaller pores first, which might entrap air in larger pores which lead to increase the soil
hysteresis. The phenomenon is known as the ink bottle effect. For the same volumetric
water content, it would require higher matric suction to remove water from soil with
higher clay content than a soil with less clay content.
The effect of extraction and infusion rate was further investigated for the SWCC
hysteresis behavior. It is clear that the hysteresis of pure sand remained unchanged as the
rate increased. However, the hysteresis of clayey sand increased as the flow rate
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increased. As shown in Table 3.3, the ratios for the SWCC parameters decreased as the
extraction and infusion rate increased. Lowest hysteresis was observed for the slowest
extraction and infusion rate. The flow condition (equilibrium and non-equilibrium)
influences soil hysteresis behavior. Based on SWCCs shown in Figure 3.7, the hysteresis
behavior was mostly affected by the ratio of θsw and θs and less effected by the ratios of
Sw and Sd and the ratio of Ѱsw and Ѱa. At the point of re-saturation, even though the test
was performed at a slow rate, the ratio of θsw and θs never reached one because of the
entrapped air in the pores. Higher ratio of θsw and θs observed at the lower rate is possibly
due to lower amount of entrapped air. Alsherif et al (2015) suggested that additional
positive pressure (around 10 kPa) should be applied to the soil specimen to remove the
entrapped air. The ratio of Ѱsw and Ѱa is higher as the extraction and infusion rate
decrease. This indicates that the required pressure to expulse air bubbles from the soil
pores in the wetting path approaches the required pressure to initiate the air entry in the
drying path for the slowest extraction and infusion rate.
Table 3.3 Extraction and infusion rate effects on SWCCs hysteresis.
% clay
content

Ex/Inf. Flow rate
(mm3/sec)

0

0.05
0.1
0.5
0.025
0.05
0.1
0.5
0.025
0.05
0.1
0.5
0.025
0.05
0.1
0.5

10

20

30

Hysteresis

0.65
0.65
0.65
0.66
0.57
0.53
N/A
0.64
0.50
0.33
N/A
0.69
0.45
0.24
N/A
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0.73
0.73
0.73
0.57
0.56
0.52
0.24
0.64
0.58
0.56
0.37
0.67
0.62
0.59
0.55

0.77
0.81
0.82
0.61
0.60
0.58
N/A
0.60
0.41
0.38
N/A
0.83
0.78
0.41
N/A

0.65
0.65
0.65
0.92
0.77
0.40
N/A
0.82
0.46
0.40
N/A
N/A
N/A
N/A
N/A

0.92
0.92
0.92
0.66
0.66
0.61
N/A
0.59
0.67
0.68
N/A
N/A
N/A
N/A
N/A

3.3.4 Analysis of Rate Effects
Results from the previous sections showed that the extraction and infusion rates
have little to no effect on the SWCC of pure sand and a noticeable impact on the shape,
parameters, and soil hysteresis of the SWCCs for clayey sand. The reason for this
behavior is related to the change from the quasi-static equilibrium condition at some
point during test progression to non-equilibrium condition. A hypothetical model was
drawn and presented in Figure 3.10 to illustrate the change in flow condition during test
progression. Figure 3.10 shows that the soil specimen is initially fully saturated and under
static equilibrium condition. The hydrostatic head distribution line increases linearly from
zero at the top of the specimen to 25 mm at the bottom. The pressure head changes with
time as matric suction increases, resulting in the pressure distribution line shifting
uniformly towards more negative values as shown in Figure 3.10.

Figure 3.10 Hypothetical model of the pressure head distribution during the test progress.
The hydraulic conductivity of the specimen decreases as the specimen becomes
more unsaturated. Due to a constant flow rate (extraction or infusion), the hydraulic
gradient throughout the specimen will increase progressively and uniformly during the
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test. As soon as the hydraulic gradient reaches a limit for the equilibrium condition, the
pressure head at the bottom of the specimen will start to diverge from a linear
relationship and the point of divergence will move upward towards the top of the
specimen with time as illustrated in Figure 3.10. Several factors affecting the equilibrium
condition include flow rate, hydraulic conductivity function, and other properties (e.g.
shape, gradation, plasticity, etc). If the same soil is considered, it is to be expected that
the fast flow rate would cause more change of pressure head within the sample, which in
turn cause the flow condition to deviate from the equilibrium condition earlier than the
slow flow rate. For sand with varying amounts of clay content, the hydraulic conductivity
is lower than that of pure sand and the pressure head across the specimen is expected to
be higher than that in the pure sand specimen at the same flow rate. As a result, the nonequilibrium condition is expected to occur sooner than in pure sand specimen. Other soil
properties may contribute to this effect however the hydraulic conductivity is expected to
be dominant. Once the change occurs, the SWCCs starts to deviate from quasi-static
equilibrium to non-equilibrium.
In this study, it was assumed that a hydraulic gradient of one represents the limit
for the quasi-static equilibrium condition. While the exact hydraulic gradient depends on
several factors including soil type, this assumption allowed a relative comparison of the
point when the non-equilibrium condition would occur at the fast and slow rate for the
same soil type. Analysis of the rate effect was illustrated using Darcy-Buckingham
equation for one dimension and examining the interrelationship between hydraulic
gradient, hydraulic conductivity function (HCFs) and the SWCCs. The DarcyBuckingham equation is an extended form of the original Darcy equation from saturated
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to unsaturated soil by considering that the hydraulic conductivity is a function of
volumetric water content or matric suction (Nofziger and Wu 2000). The governing
equation for one dimensional vertical flow is shown below.
Eq. 3.1
where the vz is Darcy velocity (cm/sec), K(h) is unsaturated hydraulic conductivity
(cm/sec),

is hydraulic gradient for vertical flow, Ks is saturated hydraulic

conductivity, and Kr is relative hydraulic conductivity function (dimensionless).
Eq. 3.1 uses to assess the head distribution for a steady state vertical flow
condition in the Tempe cell. By assuming the critical hydraulic gradient equals one, Kr
can be computed for a known saturated hydraulic conductivity, Ks and flow rate velocity
(extraction or infusion flow rate) vz.
The Van-Genuchten (VG) parameters are obtained by performing curve fitting the
measured SWCCs and results are tabulated in Table 3.4. It was observed that as the clay
content increases, the αd, nd and αw parameters decrease but there is no clear trend
observed for the nw parameter. In addition, the rate effect was not observed on VG
parameters for pure sand. However for clayey sand, the αd parameter decreases while the
nd parameter increases as the flow rate increases for the drying path and the αw parameter
increases as the flow rate increases for the wetting path. There is no clear trend in the
dependence of nw and mw parameters to the flow rate.
The pressure head when the non-equilibrium condition occurs, can be predicted
using the Mualem-Van Genuchten equation (Van Genuchten 1980) presented below.
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Eq. 3.2
where the α and n are VG fitting parameters, and the h is Pressure head, m : 1-(1/n)
The corresponding volumetric water content (θ) at the threshold point, where the
non-equilibrium condition begins, can be found by using Van-Genuchten equation (Van
Genuchten 1980) as shown below.
Eq. 3.3
where θ is the volumetric water content, θr is the residual volumetric water content, and θs
is the saturated volumetric water content.
The pressure head (h) and matric suction (Ѱ) are used interchangeably within the
Eqs. 3.2 and 3.3. In this study, Ѱ values were calculated instead of h by replacing the α
parameter with Ѱa obtained directly from the measured SWCCs. The critical θ and the
corresponding Ѱ are presented in Table 3.5 and they are labeled on the SWCCs of the
Table 3.4 Van Genuchten parameters.
Ex/inf.
Drying path1
Flow Rate
(mm3/sec)
0
0.05
0.2551
3.8184
0.1
0.2304
3.8963
0.5
0.2543
3.8688
10
0.025
0.2388
2.4903
0.05
0.2082
2.6292
0.1
0.1803
2.7757
0.5
0.0962
3.5138
20
0.025
0.2242
2.388
0.05
0.1437
2.9230
0.1
0.1210
3.1074
0.5
0.0767
3.5565
30
0.025
0.135
1.6352
0.05
0.128
1.754
0.1
0.1
1.8121
0.5
0.0605
1.9935
1. Superscription d represents drying path.
2. Superscription w represents wetting path.

Wetting path2

% clay
content

0.7381
0.7115
0.7415
0.5984
0.6200
0.6400
0.7428
0.5833
0.6579
0.6652
0.7188
0.3884
0.43
0.448
0.498
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0.3401
0.3208
0.3500
0.3012
0.3000
0.3100
N/A
0.2461
0.3120
0.3504
N/A
0.2724
0.2563
0.3877
N/A

4.33
4.80
5.00
2.9754
3.2490
4.9800
N/A
3.3280
3.8262
3.5729
N/A
3.8914
4.4018
3.6842
N/A

0.7690
0.7917
0.8
0.6639
0.6922
0.8000
N/A
0.7000
0.7386
0.7201
N/A
0.7430
0.7728
0.7285
N/A

fastest and slowest rate in Figure 3.11 for different soil types. The critical points represent
conditions when the quasi-static equilibrium has changed to non-equilibrium conditions.
It was observed from Figures 3.11a for pure sand that the deviation occurred near the
residual value for both fast and slow rates indicating that the measured SWCC is mostly
in quasi-static equilibrium throughout the test. For the clayey sand, the non-equilibrium
condition occurs at the Ѱ lower than the residual matric suction depending upon the
amount of clay content and flow rate. Figures 3.11b and 3.11c for sand with 10% and
20% clay respectively, show that the non-equilibrium started at the Ѱ closed to the air
entry value for fast rate but the most of the SWCC for both soil types appears to be in
equilibrium for the slow flow rate. For the sand with 30% clay, it was observed that the
entire SWCC was measured under non-equilibrium condition for the fast rate and the
non-equilibrium condition started after the air entry value for the slow rate as shown in
Figure 3.11 d. In this case, the flow rate slower than 0.025 mm3/sec should be used to
measure the equilibrium SWCC.
Selection of an appropriate flow rate used for accurately measuring SWCC under
equilibrium condition is important for clayey sand or materials with relatively lower
hydraulic conductivity. The rate should be slow enough to ensure that the deviation
would occur at least close to residual matric suction. Matric suction beyond the residual
value rarely occurs in the field condition. For the soils used in this study, the flow rate of
0.5 mm3/sec and 0.025 mm3/sec are recommended for pure sand and sand with 10% clay
content, respectively. From the analysis, it is observed that the initial (saturated)
hydraulic conductivity and how it changes with the clay content is an important factor for
selecting suitable rate. Pure sand, for example, the saturated hydraulic conductivity is

92

4.0E-3 and by adding 10% clay, the initial hydraulic conductivity reduces by one order of
magnitude. This reduction causes the deviation to be occurred earlier under the same
testing rate. For the sand with 20% and 30% clay content, the flow rate slower than 0.025
mm3/sec is required to generate the entire SWCC under equilibrium. Moreover, in
comparison with the drying path, it is observed from Figure 3.11 that the deviation point
for the wetting path is shifted to the left, and this indicates that the rate is controlled by
the wetting path. SWCC measured under equilibrium conditions is applicable for most of
geotechnical applications, however for the conditions involving high velocity flow such
as rapid flooding, storm surge, the equilibrium SWCC may not be truly representative of
such conditions. Results from the wetting path show that the equilibrium SWCC may not
be conservative. The non- equilibrium SWCC may be more representative of the transient
flow condition in the field but more research studies are needed to further quantify the
non-equilibrium effects.
Table 3.5 Starting points of the Non-equilibrium condition.
% clay
content
0

10

20

30

Ex/Inf. Flow
rate
(mm3/sec)
0.05
0.1
0.5
0.025
0.05
0.1
0.5
0.025
0.05
0.1
0.5
0.025
0.05
0.1
0.5

Kr
(dimensionless)

Drying path
θ (%)
Ѱ (kPa)

Wetting path
θ (%)
Ѱ (kPa)

0.000567
0.001134
0.005669
0.00566
0.011338
0.022675
0.114000
0.022675
0.045350
0.090700
0.454000
0.113375
0.226751
0.453501
2.270000

7.5
9.2
12.2
7.6
7.7
16.6
29.5
13.1
26
35.7
37.5
34.4
38.5
41.5
N/A

7.4
5.6
5.1
7.6
10.6
13.1
N/A
12.0
24.2
21.5
N/A
24.3
24.2
22.8
N/A
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7.8
7.1
6.2
160.0
53.0
11.8
10.4
79.0
9.0
8.5
8.0
7.5
4.0
2.6
N/A

4.7
5.1
5.4
30.0
6.0
4.0
N/A
18.0
3.7
3.0
N/A
3.7
3.4
1.7
N/A

Figure 3.11 Illustration of the equilibrium versus non-equilibrium on the SWCC for fast
and slow rates” a) pure sand, b) sand with 10% clay, c) sand with 20% clay, and d) sand
with 30% clay.
3.4 CONCLUSIONS
Measurements of soil-water characteristic curves (SWCC) for soils composed of
sand with varying clay contents using the automated system were presented. The SWCCs
are continuous for both the drying and the wetting paths and they were obtained in a
relatively short time. The study investigated the effect of clay content and focused on the
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effect of flow rate on both the drying and the wetting paths of SWCCs. The
characteristics of SWCCs include shape, parameters, and hysteresis were presented and
discussed. One-dimensional analysis was performed to evaluate the validity of
equilibrium condition when testing with different flow rates. Results showed that the
SWCCs of clayey sand pronounced more gradual decrease in volumetric water content
over a range of matric suction than observed for pure sand. It also showed that the flow
rate has little to no effect on the SWCC characteristics for pure sand but noticeable effect
in clayey sands. This effect is more pronounced in the wetting path than in the drying
path and it increases as the percentage of clay content increases. Results from this study
present the effect of non-equilibrium on SWCCs and emphasize the fact that SWCCs are
not a unique relationship. It was found that the SWCCs measured under non-equilibrium
condition (fast extraction/infusion rates) appears to overestimate matric suction for the
drying path and underestimate matric suction for the wetting path at the same volumetric
water content. This indicates that the wetting path shows that the equilibrium SWCC may
not be conservative, hence, the equilibrium SWCC should be used with caution. In
comparison with drying path, it is observed that the deviation point for wetting path is
shifted to the left, this indicates that the rate is controlled by wetting path. For
equilibrium or steady state flow, it is suggested to use a slow enough rate to ensure that
the deviation would occur at least close to residual matric suction. The flow rate of 0.5
mm3/sec and 0.025mm3/sec are recommended for pure sand and sand with 10% clay
content respectively while the flow rate slower than 0.025 mm3/sec is recommended for
sand with 20% and 30% clay content.
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CHAPTER 4
HYSTERSIS EFFECTS ON SHEAR-INDUCED MATRIC SUCTION
BEHAVIOR OF CLAYEY SAND AND SILT UNDER UNDRAINED
CONDITION
4.1 INTRODCTION
Many researchers have studied the contribution of matric suction to the shear
strength of unsaturated soils (Fredlund et al., 1978; Nishimura et al., 2000; Rahardjo et
al., 1995; and others) and it is generally accepted that as matric suction increases, shear
strength increases for both drained and undrained conditions. Vanapalli and Fredlund,
(1997) and Vanapalli et al., (1999b) have suggested that matric suction applies for the
extended Mohr-Coulomb shear strength formulation developed by Fredlund et al.,
(1978), regardless of the condition of drainage. Similarly, Bishop (960), Khalili and
Khabbaz (1998), Lu and Likos (2006), and others apply matric suction to the single
effective stress approach. Shear strength of unsaturated soils under drained conditions is
well defined as matric suction is assumed constant during shearing, but the effects of
matric suction change that occurs in undrained conditions remain ambiguous. For
undrained loading conditions, the use of initial matric suction for shear strength
calculation may be appropriate for failure that occurs under approximately constant
matric suction (Brand, 1981). However, for field conditions where rapid failure occurs in
a truly undrained condition, matric suction would change due to changes in total volume
and pore-water pressure during shearing (Oliveira et al., 2016). Numerous researchers
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have performed constant water content (CW) triaxial tests in which soil sample is tested
under undrained conditions to evaluate the change of matric suction during shearing
(Bishop et al., 1960; Li and Zhang, 2015; Oliveira et al., 2016; Rahardjo et al., 2004;
Satija, 1978; Thu et al., 2006a; and others). A number of researchers have investigated
the effects of initial matric suction on matric suction at failure (Li and Zhang, 2015;
Oliveira et al., 2016; Rahardjo et al., 2004; Satija, 1978; and Thu et al., 2006a). All these
studies suggested that more research is needed to evaluate factors affecting the
relationship between the initial and at-failure matric suction for undrained conditions.
One of the factors affecting shear strength for unsaturated soils is hydraulic
hysteresis. Hysteresis effects on shear strength of unsaturated soils have been investigated
by numerous researchers (Gallage and Uchimura, 2006; Guan et al. 2009; Han et al.
1995; Khoury and Miller, 2011; Nishimura and Fredlund, 2002; Shemsu et al., 2005; Thu
et al., 2006b; and Zhang et al., (2016). Results from Guan et al., (2010); Han et al.,
(1995); Nishimura and Fredlund, (2002); and; Thu et al., (2006b) indicate that the shear
strength of silty and clayey soils experiencing the drying path is slightly higher than the
shear strength of soil experiencing the wetting path for the same initial matric suction.
These studies have suggested that the difference in strength for drying and wetting paths
is related to the air-water ratio or the degree of saturation in the soil, which affects the
inter-particle bonds. In contrast, Gallage and Uchimura, (2006); Khoury and Miller
(2011); Shemsu et al., (2005); and Zhang et al., (2016) have reported that soil with the
same initial matric suction has higher shear strength when experiencing wetting path than
when experiencing drying path due to differences in matric suction history. All of the
abovementioned research were conducted under consolidated drained (CD) triaxial
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testing, where the matric suction remained constant during shearing. Although there have
been some research studies on dynamic behaviors of unsaturated soils, presumably under
undrained conditions (Bravo, 2013; Heitor et al., 2015; Khosravi and McCartney, 2012;
and Khosravi et al., 2018), hysteresis effects of shear strength under undrained condition
have not been directly evaluated.
This paper presents the analysis of undrained shear behavior of unsaturated clayey
sand and silt under CW triaxial condition to evaluate hysteresis effects on the change of
matric suction during shearing. The testing program was designed to evaluate the matric
suction history as a factor affecting shear-induced matric suction behavior. Results were
analyzed in terms of the stress state variables of net normal stress and matric suction
(Fredlund and Morgenstern, 1977). Evolution of matric suction during the undrained
shearing condition is quantified for soils subject to drying and wetting paths. Based on
the results, a relationship between the undrained shear strength and matric suction at
failure is developed for the shear strength formulation of unsaturated soils.
4.2 MATERIAL CHARACTERIZATION
Two soil types were used in this study: clayey sand and silt. The clayey sand was
composed of 30 % commercial kaolinite clay and 70 % uniform fine sand from
Columbia, South Carolina. The silt is a commercial type of non-plastic silt. Soil
properties were determined in accordance to ASTM standards and results are presented in
Table 4.1. The soil water characteristic curve (SWCC) was measured for each soil using
an automated Tempe cell system (Awad et al., 2017; Ray and Morris, 1995; see Awad et
al., (2017) for more detailed information about testing system and procedures). The
system is limited to 200 kPa matric suction, therefore, Fredlund and Xing’s, (1994)
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model was used to best fit the experimental data along both drying and wetting paths and
was extended to the higher matric suction beyond the residual values (see Figure 4.1).
Table 4.1 Soil properties.
Soil properties
Specific gravity, Gs
Atterberg
Liquid limit, LL (%)
Limits
Plastic limit, PL (%)
Plasticity index (%)
Unified soil classification system (USCC)
Compaction
Maximum dry unit weight (kN/m3)
characteristics
Optimum moisture content (%)
Coefficient of saturated hydraulic conductivity, Ks
(cm/sec)
Shear strength
Effective cohesion, c’ (kPa)
parameters
Effective angle of internal friction, ø’
SWCC
Air entry value (Ψa), (kPa)

Figure 4.1 Soil water characteristic curve for tested soils.
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Soil type
Clayey sand
2.66
27
16
11
CL
16.9
12.5
1.0E-05
3.5
31
10

Silt
2.67

NP
ML
14.2
15
5.0E-05
0
30
50

4.3 METHODOLOGY
4.3.1 Specimen Preparation and Testing Procedure
Triaxial tests were conducted using the Entry Level Dynamic Triaxial Testing
Machine (ELDYN) manufactured by GDS Company. As shown in Figure 4.2, the
equipment is an automated testing system consisting of a load frame and actuator with an
installed triaxial cell, Entry Level Digital Control System (ELDCS), pore-air
pressure/volume controller, back pressure/volume controller, pneumatic cell pressure
controller, pore-water pressure transducer and a computer. The axis translation technique
(Hilf 1956) is used to control the matric suction of the soil by independently controlling
and/or measuring the pore-water and pore-air pressures using the back pressure/volume
controller and air pressure/volume controller, respectively. Soil specimens of clayey sand
were prepared by placing the sand with 30 % kaolinite clay by weight in a dry state into a
sealed plastic bag and then shaken thoroughly to enhance the homogeneity. For each soil,
water was added to the mixture until it reached the optimum water content, 12.2 % and
15 % for clayey sand and silt, respectively. The mixture was then placed in a sealed
plastic bag for a 24-hour period before compaction to achieve moisture equalization in
accordance with ASTM D-4767. The soil specimen was compacted in a split cylindrical
mold assembled in a triaxial base pedestal following ASTM D-4767-specified
procedures. The compaction process was carried out in 10 equal lifts, with each lift
having a thickness of 10 mm and a diameter of 50 mm to achieve specimen uniformity.
The top of each layer was scarified before the material of the next lift was added to
ensure good contact between adjacent lifts. Finally, the triaxial cell was placed and
tightly attached to the base; it was then filled with tap water, leaving a 2.5-cm gap at the
top to allow pressurization of the water during testing. An effective stress of 10 kPa was
100

maintained during saturation process to avoid significant volume change. The procedure
of specimen preparation is visually illustrated in Figure 4.3.

Figure 4.2 ELDYN Triaxial test apparatus.

Figure 4.3 Specimen preparation process of Triaxial tests.

101

Eight specimens were tested for each soil type. The average dry unit weight of the
specimens was 16.9 kN/m3 for clayey sand and 14.2 kN/m3 for silt. Five specimens of
each soil were tested at different matric suctions for the drying path (D). These tests are
designated by D10, D25, D50, D100, and D200 corresponding to matric suctions of 10,
25, 50, 100, and 200 kPa, respectively. The other three specimens of each soil type were
dried to a maximum matric suction of 200 kPa. Water was then reintroduced to the
specimen to achieve different matric suctions along the wetting path (DW). These tests
are designated by DW25, DW50, and DW100, corresponding to matric suctions of 25, 50
and 100 kPa, respectively. A net confining pressure of 100 kPa was applied for all tests.
The soil specimens were initially saturated to ensure a consistent water content
and degree of saturation throughout the specimens. Two techniques, flushing water and
back pressure, were used in the saturation process. Full saturation was assumed when the
B-value was equal to or greater than 0.95. During the consolidation stage, the D10 test
was consolidated under 100 kPa net confining pressure and 10 kPa matric suction; all
other tests were consolidated under 100 kPa net confining pressure and 25 kPa matric
suction. Target matric suction was imposed after consolidation was completed. For
drying path testing, matric suction was imposed slowly as suggested by (Sakaki et al.,
2010) by reducing pore-water pressure to reach target matric suctions of 25, 50, 100, 200
kPa. For the wetting path testing, matric suction was imposed to a maximum value of 200
kPa, then reduced slowly by increasing pore-water pressure to reach target matric
suctions of 25, 50, and 100 kPa. The entire process from saturation to prior-to-shear stage
required 7-20 days depending on the target matric suction, path (drying or wetting), and
soil type.
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The specimens were sheared under constant water content (CW) triaxial tests. The
CW triaxial test is an undrained-type testing condition in which water content remains
constant during shearing. Only pore-air is allowed to drain; hence, there is no excess
pore-air pressure. However, excess pore-water pressure is allowed to develop during
shearing. In this testing condition, the specimen experiences air volume change due to the
air-draining process. This leads to a change in degree of saturation while water content
remains constant. In this study, soil specimens were sheared under a controlled strain rate
of 0.009 mm/min (Rahardjo et al., 2004; and Thu et al., 2006a). Two failure criteria were
considered. First, for soil specimens having strain-hardening/softening behavior, peak
and ultimate were considered. Second, for those having only strain-hardening behavior,
the shearing was terminated when the maximum axial strain reached 15 % (ASTM,
D4767).
4.3.2 Matric Suction Path Prior To Shear
Figures 4.4 and 4.5 illustrate the evolution of matric suction, net confining
pressure and volume of inflow and outflow of water from the beginning stage to the
prior-to-shear stage for the D200 (drying path) and DW25 (wetting path) tests,
respectively. For the wetting path tests, the specimens experienced a higher matric
suction than the prior-to-shear matric suction. The difference can be presented as the
matric suction ratio, which is defined as a ratio between the maximum past matric suction
and the prior-to-shear matric suction. As a result, the matric suction ratios of DW100,
DW50, and DW25 tests are 2, 4, and 8, respectively. Figures 4.4b and 4.5b illustrate that
the shearing stage begins after equilibrium conditions are achieved. This is verified by a
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review of the results of the volume of inflow and outflow of water for both drying and
drying-wetting tests, respectively.
Tables 4.2 and 4.3 present the change in degree of saturation, water content, and
void ratio for the entire testing program from the beginning stage to the prior-to-shear
stage shown in Figures 4.4 and 4.5, respectively. Overall, water content and void ratio
slightly increase for both soil types after the saturation process and, then, decrease after
consolidation. The reduction of water content and void ratio is higher for silt than for
clayey sand. During the process of matric suction imposition, there was no change in void
ratio for both drying and drying-wetting tests for clayey sand. In comparison, a slight
reduction in void ratio was observed for silt. Importantly, both degree of saturation and
water content for drying-wetting tests increased during wetting, however, neither reached
the same values as for the drying path with the same level of matric suction because of
the hysteresis effect.
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Figure 4.4 Evolution of matric suction, net confining pressure and associated
inflow/outflow during D200 test.
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Figure 4.5 Evolution of matric suction, net confining pressure and associated
inflow/outflow during DW25 test.
4.4 RESULTS AND DISCUSSIONS
4.4.1 Hysteresis of Shear Effects on Stress-Strain Behavior
Figure 4.6 presents the stress-strain relationships for clayey sand tested at various
levels of matric suction. With the exception of the D10 test, specimens were sheared to at
least 15 % axial strain. The D10 test for both soil types was terminated at a lower stain
level because the excess pore-water pressure exceeded the pore-air pressure. This was
due to a higher degree of saturation and lower matric suction prior to shearing. The
deviator stress increased as the matric suction increased, and the clayey sand exhibited
strain-hardening behavior. The peak value was not observed for all tests because peak
value depends on a combination of net confining pressure and matric suction (Rahardjo et
al., 2004; and Houston et al., 2008).
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Table 4. 2 Physical properties of testing process under drying tests.
Soil
Type

Test
Type

Clayey
sand

D10
D25
D50
D100
D200
D10
D25
D50
D100
D200

Silt

As-compacted
w(%) Sr(%)
e
12.0
64
0.50
12.2
65
0.50
12.0
63
0.51
12.0
65
0.50
12.1
64
0.51
15
50
0.80
15
49
0.81
15
48
0.82
14.9
48
0.82
15.1
50
0.80

After saturation
w(%) Sr(%)
e
21.3
100
0.57
20.3
100
0.55
22.1
100
0.59
21.2
100
0.58
20.3
100
0.57
31.5
99
0.85
31.7
98
0.86
32.4
97
0.89
32.4
98
0.88
31.3
99
0.85

After consolidation
w(%) Sr(%)
e
13.3
75
0.47
13.4
76
0.47
13.5
75
0.48
13.2
75
0.47
13.0
75
0.46
24.5
100
0.65
24.8
97
0.68
24.3
95
0.68
24.4
96
0.67
24.9
97
0.69

Prior to shear
w(%) Sr(%)
e
13.3
75
0.47
13.4
76
0.47
12.1
69
0.47
10.4
60
0.46
8.9
53
0.45
24.5
100
0.65
24.8
97
0.68
15
89
0.60
10.1
36
0.62
6.6
27
0.65
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Table 4. 3 Physical properties of testing process under drying-wetting tests.
Soil
type

Clayey
sand
Silt

Test
Type

DW25
DW50
DW100
DW25
DW50
DW100

As-compacted
w
(%)
12.0
12.0
12.1
15
15
15.2

Sr
(%)
65
63
63
47
50
49

e
0.50
0.51
0.50
0.83
0.80
0.80

After saturation
w
(%)
20.9
22.2
21.1
31.0
30.7
31.5

Sr
(%)
100
100
100
97
97
98

e
0.56
0.61
0.58
0.86
0.84
0.86

After consolidation
w
(%)
13.3
13.7
13.2
23.8
23.6
24.2

Sr
(%)
76
76
74
96
95
96

e
0.47
0.48
0.48
0.65
0.66
0.68

At maximum
suction
w
Sr
e
(%) (%)
8.8
51
0.46
9.1
52
0.46
9.2
52
0.47
6.6
28
0.62
6.5
27
0.63
6.8
28
0.64

Prior to shear
w
(%)
11.1
10.5
9.7
14.5
10.7
8

Sr
(%)
65
59
55
70
55
33

e
0.45
0.46
0.46
0.60
0.60
0.63

Figure 4.6 Stress-strain relationship for clayey sand soil at various levels of matric
suction.
Figure 4.6 also presents the stress-strain curves for drying-wetting tests. These
serve to emphasize the effect of soil hysteresis in the drying-wetting testing condition. In
general, two mechanisms govern the hysteresis effects in unsaturated soils. One is the
degree of saturation. The other is matric suction history, which can be defined as the
history of the matric suction that soil has experienced prior-to-shear stage. For example,
for this set of tests, the soil sample was subjected to maximum matric suction and then
reduced to desired matric suction prior to shear. If the first mechanism, degree of
saturation, is predominant, shear strength of soils experiencing the drying path should be
slightly higher than the wetting path for the same initial matric suction. This higher shear
strength of soils could be the result of the degree of saturation in the wetting path being
less than that in the drying path at the same level of matric suction; under these
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conditions, fewer numbers of particles make contact and, consequently, shear strength is
reduced (Guan et al., 2010). This behavior is more likely to be associated with clayey
soils. For non-cohesive soils, the second mechanism, matric suction history, is likely to
predominate. Therefore, shear strength of soils experiencing the wetting path is higher
than the drying path for the same initial matric suction (Khoury and Miller, 2011).
Results shown in Figure 4.6 suggest that matric suction history is the main factor
affecting shear behavior. For the same initial matric suction, hysteretic drying-wetting
tests exhibited higher strength and stiffness than those that experienced drying only. This
observation agrees with previous findings from CD triaxial tests performed by Gallage
and Uchimura, (2006); Khoury and Miller, (2011); Shemsu et al., (2005); and Zhang et
al., (2016).
The strain-hardening behavior presented in Figure 4.6 is consistent with porewater pressure development and volumetric strain presented in Figures 4.7 and 4.8.
Figure 4.7 shows that for drying tests, the amount of pore-water pressure increases as
matric suction increases at the start of shearing. At a certain strain level, the pore-water
pressure decreases and forms a peak. This reduction could be attributed to the new
configuration of soil particles during shearing allowing the soil to absorb water. It is also
possible that a localized failure could occur, and consequently, water tends to move into
the specimens, thus reducing pore-water pressure. Figure 4.7 also shows that pore-water
pressure for drying-wetting tests increases only slightly at the beginning of loading but is
then followed by a significant reduction. The reduction increases as the matric suction
ratio increases. The maximum matric suction that soil experiences before shearing
contributes to the shear behavior in a manner similar to that associated with maximum
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past consolidation pressure as discussed by Melinda et al., (2004). Again, a localized
failure could be occurring as some bond generated from matric suction history is broken;
consequently, water tends to move into the specimens, thus reducing pore-water pressure.
As shown in Figure 4.8, the magnitude of volumetric strain decreased as matric suction
increased. However, evidence of over-consolidated behavior was observed in the
volumetric strain presented in Figure 4.8. The volumetric strain of drying-wetting tests at
the same matric suction was lower than that for drying tests, suggesting that the dryingwetting specimens are stiffer than the drying tests under the same initial matric suction.
Figure 4.9 presents stress-strain relationships for silt tested at various levels of
matric suction. The strain-hardening/softening behavior was observed for tests at matric
suction higher than 50 kPa. Peak values were generally observed at an axial strain of

Figure 4.7 Pore-pressure development for clayey sand.
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Figure 4.8 Volumetric strain for clayey sand.
about 6 %; then, the strain-softening behavior was observed at higher strain and reached a
critical state. Features of the stress-strain curves, such as peak strength, softening, and
shear-dilation, depend upon the level of matric suction. More distinct peak strength at
lower strain was observed at higher matric suction and resulted in higher initial elastic
modulus or stiffness. As presented in Tables 4.2 and 4.3, the void ratio decreased slightly,
leading to densification during matric suction imposition for matric suction higher than
50 kPa. In addition, water menisci due to higher matric suction pull soil particles together
in more tightly bound aggregates. As a result, higher stress is required to overcome the
friction between particles as the soil gains more strength (Houston et al., 2008). In
comparison, the strain-hardening behavior for the tests at matric suction lower than 50
kPa was not high enough to cause the specimen to dilate during shearing, possibly due to
the level of matric suction. Figure 4.9 also shows that the drying-wetting tests exhibited
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higher peak and post-peak shear strength compared to the drying tests at the same initial
matric suction. A more distinct peak strength associated with lower strain was observed
as matric suction increases.
The differences in soil behavior based upon the level of matric suction are
consistent with the pore-water pressure and volumetric strain behavior presented in
Figures 4.10 and 4.11. However, Figure 4.10 reveals an unexpected increasing of porewater pressure for the drying tests. This behavior may be explained by a hypothesis
suggested by Khoury and Miller, (2011) that the menisci between soil particles are
disrupted in the shearing zone; as a result, increases in localized pore-water pressures
enhanced the tendency for water to drain out of the specimen. This tendency of expulsion
during undrained shear behavior is opposite to that of saturated soil, in which the
tendency for dilation correlates to pore-water pressure development (tendency of water

Figure 4.9 Stress-strain relationship for silt at various levels of matric suction.
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Figure 4.10 Pore-water pressure development for silt.

Figure 4.11 Volumetric strain for silt.
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flowing in). For the drying-wetting tests, the behavior was also consistent with porewater pressure development and volumetric strain presented in Figures 4.10 and 4.11. For
the tests conducted at the matric suction values of 25, 50, and 100 kPa, pore-water
pressure decreased, hence matric suction increased as shown in Figure 4.10. The
increasing of matric suction during shear could possibly be due to over-consolidated
behavior in which a specimen becomes stiffer and exhibits more dilation. This behavior is
similar to that of saturated soil when dilation is associated with negative pore-water
pressure development. Dilation behavior was observed as shown in Figure 4.11, with
greater dilation behavior observed in the drying-wetting tests, as presented in the figure.
The dilation behavior is evidence of over-consolidated behavior due to matric suction
history.
4.4.3 Quantification of Shear-Induced Matric Suction Behavior
In the CW test, the pore-air pressure remained constant, and matric suction is
mathematically the difference between pore-air pressure and pore-water pressure.
Therefore, the change in matric suction is related to excess pore-water pressure. Figures
4.12 and 4.13 present the variation of matric suction during shear for clayey sand and silt,
respectively. For clayey sand, the matric suction decreased at the beginning of loading for
drying tests. The maximum reduction of matric suction was observed at an axial strain of
2 %, and matric suction slightly increased at higher strains, as shown in Figure 4.12. For
all the drying tests, the matric suction at failure decreased approximately 20 % to 50 %
from an initial value. For the hysteric drying-wetting tests, similar behavior was
observed, but at-failure matric suction is higher than initial matric suction. For DW25 and
DW50 tests, at-failure matric suction was 200 % to 48 % greater than initial matric
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suction, and at-failure matric suction reached a value close to initial value for the DW100
test.
For silt, matric suction also decreased at the beginning of loading for drying tests,
but it remained nearly constant as strain level passed the stress-strain peak as shown in
Figure 4.13. Although dilation behavior is expected for this type of soil, a decrease in
matric suction during shear was observed. Overall, at-failure matric suction for all of the
drying tests decreased up to 17 %. For the hysteric drying-wetting tests, at-failure matric
suction was higher (up to 28 %) than initial values for the DW25 and DW50 tests and
was slightly lower (5 %) for the DW100 test.
In summary, results for all of the drying tests (D) for both soil types show
reduction in matric suction, while results from the drying-wetting tests (DW) show
increases in matric suction, except in the DW100 test. In addition, specimens that

Figure 4.12 Matric suction development during shear for clayey sand.
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Figure 4.13 Matric suction development during shear for silt.
experienced drying-wetting became more brittle (higher stiffness) due to matric suction
history. Furthermore, as matric suction increased during shear, the “effective stress”
increased, and the soil specimens gained higher strength.
In general, excess pore-water pressure that develops during shear in saturated
soils depends on several factors; these include confining pressure, initial soil properties
(initial water content and dry density), and soil type. For unsaturated soils, additional
factors, such as initial matric suction and maximum matric suction history, also
contribute to development of pore-water pressure during shear. This study focused on
initial matric suction, matric suction history, and soil type. A relationship between atfailure matric suction (Ψf) and initial matric suction (Ψi) is presented in Figure 4.14 for
clayey sand and in Figure 4.15 for silt. A 45-degree line on the figures provides a
reference for the initial and at-failure matric suction relationships. Data points located
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below this line indicate that matric suction decreased during shearing (Ψi > Ψf), while
those located above the line indicate that matric suction increased during shearing (Ψi <
Ψf). Figure 4.14 shows that the deviation of data points of the drying tests from the 45degree reference line increased as matric suction increases. These findings agree with
previous work by Rahardjo et al., (2004); and Thu et al., (2006a). For the drying-wetting
tests, the deviation of data points from the reference line decreased as matric suction
increased. Influence of matric suction history is higher at lower initial matric suction for
the drying-wetting test. Results from peak and ultimate failure for silt are shown in
Figure 4.15. Similar to the data points for clayey sand, the deviation of data points for silt
from the 45-degree reference line occur at the same trend but in lower magnitudes than
observed values in clayey sand. Overall, this observation implies that the change in
matric suction during shearing, especially for the drying path, should be accounted for the
prediction of undrained shear strength.

Figure 4.14 Matric suction change during shearing for clayey sand.
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Figure 4.15 Matric suction change during shearing for silt.
Compilation of initial and at-failure matric suction obtained from constant water
content triaxial testing results (Bishop et al., 1960; Li and Zhang, 2015; Oliveira et al.,
2016; Rahardjo et al., 2004; Satija, 1978; Thu et al., 2006a; Uchaipichat, 2010; Toyota, et
al., 2001; and others) for a wide range of soil types was conducted in this study. For the
purpose of comparison, the initial matric suction (Ψi) and at-failure matric suction (Ψf)
were normalized with the air entry value (Ψa) and plotted with the 45-degree line as
presented in Figure 4.16. Data from this study show a linear relationship between the
initial matric suction and matric suction at failure however the data from the literature are
scattered because of various range of uncertainties associated with testing procedure and
different soil types. Overall results for CW conditions from this study are consistent with
previous studies in the sense that the matric suction remains constant during shearing at
lower initial matric suction but as the initial matric suction increases, the matric suction at
failure deviates from the 45-degree line. The exact point of deviation is unclear but it
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generally occurs at Ψi/ Ψa less than 5. The results from drying-wetting tests in this study
plot relatively close to the 45-degree line with the exception of the two data points above
the 45-degree line for the matric suction ratio of 4 and 8. The deviation of data increases
as the matric suction ratio increases. Additional data is still needed for this testing
condition to generate more accurate relationship.
4.4.4 Shear Strength Behavior
The extended Mohr-Coulomb shear strength formulation has been commonly
used to predict shear strength of unsaturated soils. The formulation is presented in terms
of two independent stress state variables (Fredlund et al., 1978) as illustrated here:
Eq. 4.1
Eq. 4.2

Figure 4.16 Empirical relationships between initial and at-failure matric suction under
CW tests for drying and wetting paths.
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where

is unsaturated shear strength,

is effective cohesion from saturation condition,

is effective angle of internal friction from saturation condition; and
friction due to matric suction;

is normal stress;

is angle of

is pore air pressure;

is pore

water pressure and τΨ is the shear strength contributed from matric suction. Eq. 4.1
consists of two variables: net normal stress (

) and matric suction (

). This

relationship implies that the shear strength of soil is influenced separately by net normal
stress and matric suction. As shown in Eq. 4.2, the τΨ is a combination of

and the term

. In this study, the values of τΨ were obtained graphically using Mohr
circles illustrated in Figure 4.17 following the same procedure as Rahardjo et al. (2004);
and Thu et al., (2006a). Assuming the

is matric suction independent (Fredlund et al.,

2012), parallel lines from the Mohr-Coulomb envelop of saturated condition were drawn
tangentially to the constructed Mohr circles of unsaturated soil. The Y-intercept of these
lines represent the τΨ values. Figures 4.18 and 4.19 presents relationships between τΨ and
matric suction at failure (Ψf) for clayey sand and for silt, respectively.
For clayey sand, a linear relationship was observed for the range of matric suction
up to 200 kPa as shown in Figure 4.18. Similarly, Rahardjo et al., (1995) observed a
linear relationship for matric suction up to 500 kPa. As previously described, shear
strength for the drying-wetting tests is higher than that for the drying tests for the same
initial matric suction. Using the relationships shown in Figure 4.18 for clayey sand, it was
found that if at-failure matric suction was used as a proxy for estimating shear strength,
results for the drying and drying-wetting tests would be very close. For example, the
D200 test at-failure matric suction was measured at 102 kPa, while the value for the
DW100 test was measured at 107 kPa; also, shear strengths for both tests were
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approximately the same. This observation leads to the development of a unique
relationship for the CW testing condition to account for hysteretic effects presented in
Figure 4.20 for clayey sand. The figure presents the relationships between the τΨ and Ψf
accounting for the influence of degree of saturation. Results from both drying tests and
drying-wetting tests fall within the same trend and the shear strength increases as the
degree of saturation decreases. A unified relationship between the degree of saturation
and Ψf and τΨ, can be developed accounting for the hysteresis effects.

Figure 4.17 Mohr circles for clayey sand soil.
For silty soil type, results of drying and drying-wetting tests are presented in
Figure 4.19 for both peak and ultimate failures for matric suction higher than 25 kPa.
A non-linear relationship was observed for matric suction after the air entry value is
exceeded (Escario and Saez, 1986; Gan and Fredlund, 1988; Thu et al., 2006a; etc.). A
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Figure 4.18 Shear strength due to matric suction for clayey sand.

Figure 4.19 Shear strength due to matric suction for silt.
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Figure 4.20 Influence of (Sr)f on the shear strength: Ψf vs τΨ for clayey sand.
change of curvature was observed at the highest matric suction indicating that the matric
suction is near the residual condition. The relationships for ultimate shear strength in both
drying and drying-wetting tests are very close, but a difference of approximately 20 %
was observed for the relationship of drying and drying-wetting peak shear strength. This
difference could be attributed to the effect of matric suction history, which may have a
greater impact on peak strength than on ultimate shear strength. In addition, this effect
may be less at higher strains (critical state), as was evident in Figure 4.9. As shear
strengths for both drying and drying-wetting tests were approximately the same, a
relationship between τΨ and Ψf was found for silt, as shown in Figure 4.21. Similar to
clayey sand, the same trend was observed from both drying tests and drying-wetting tests
regardless of the hysteresis, therefore a unified relationship between the degree of
saturation and Ψf and τΨ,can be developed for silt.
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This study quantified effects of degree of saturation and at-failure matric suction
on undrained shear strength for two types of soil. Further studies are required for other
soil types and stress conditions.

Figure 4.21 Influence of (Sr)f on the shear strength Ψf and τΨ for silt.
4.5 CONCLUSIONS
A series of CW triaxial tests on two soil types, clayey sand and silt, were
conducted to evaluate shear-induced matric suction and hysteresis effects on unsaturated
soil behaviors under CW test conditions. For shear-induced matric suction, empirical
relationships were developed to predict at-failure matric suction from initial matric
suction. The hysteretic effect was evaluated by testing soils that experienced drying path
and drying-wetting path at the same initial matric suction.
Reduction in matric suction during shearing was observed for all of the drying
tests, while results from the drying-wetting tests show increases in matric suction
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depending upon the matric suction history. Results of the drying path tests for clayey
sand show that strain-hardening behavior occurs for matric suction up to 200 kPa and that
shear strength due to matric suction increases as matric suction increases. A linear
relationship between shear strength and matric suction was observed for clayey sand for
the matric suction levels used in this study. For silt, drying path tests showed a strainhardening/softening behavior for matric suction higher than 50 kPa, and a non-linear
relationship was observed. The shear strength of drying-wetting tests was higher than that
for drying tests at the same initial matric suction for both soil types. To account for the
hysteretic effect, the shear strength can be estimated based on the matric suction at failure
and degree of saturation. Findings from this study show that the changes in matric suction
during shearing should be accounted for the prediction of shear strength under undrained
conditions.
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CHAPTER 5
EVALUATION OF A MODIFIED HEAT DISSIPATION SENSOR FOR
MEASURING WATER CONTENT IN GEOTECHNICAL CENTRIFUGE
MODELING
5.1 INTRODUCTION
Recent advances in sensing technology have progressively advanced techniques
for measuring soil response in centrifuge modeling tests. Sensors buried in a centrifuge
model are required to be miniature in size, and the characteristics of the sensor should not
interfere with soil response during testing. In addition, the sensor should have the
capability to measure response under high gravitational acceleration and scaled events
(e.g., scaled flow velocity and loading frequency). This requirement creates a challenge
for some types of sensors, including traditional tensiometers used to measure soil matric
suction, which require relatively long response times in order to provide accurate
measurements.
Generally, two concerns about measuring the matric suction in the centrifuge
arise: bulky sensor size and sensor response time. The sensors bulky size can cause soil
reinforcement and disturbance problems and may result in the development of an
artificial flow path through the soil. The response time (RT), the length of time required
to reach equilibrium conditions between sensor and surrounding environment, must be
compatible with centrifuge conditions because matric suction can change very quickly as
a result of water flow through soil. Water flow typically occurs at a much faster rate in
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the centrifuge than in 1g modeling. Currently, high capacity tensiometers (HCT) are used
to directly measure soil matric suction in a centrifuge model (Wang et al. 2010; Zhang et
al. 2011; Matziaris et al. 2015; etc.). However, use of the HCT sensor is problematic
because the high air-entry ceramic in a HCT sensor must be completely saturated before
testing and because measurements must be taken when equilibrium conditions between
the sensor and the surrounding soil are reached. Furthermore, HCT sensors are relatively
expensive.
This study tested a modified commercial heat dissipation sensor (HDS) to
evaluate matric suction in centrifuge model testing. The porous ceramic was removed,
and the sensor was used as a water-content sensor. As a result, the matric suction could
be obtained from a soil water characteristic curve (SWCC) for each soil type. First, the
optimum heating period was investigated experimentally in a series of tests on different
soil types: pure sand, sand with varied kaolinite clay content, and pure kaolinite clay. A
calibration curve, which is the relationship between temperature change and water
content, was generated for all soil types. SWCC was measured independently and used to
obtain an estimate the corresponding matric suction. Validation of the HDS measurement
was conducted under two different flow conditions: static (no flow) and vertical transient
(flow) conditions for two soil types: pure sand and clayey sand. A tensiometer type 2100f
was used as a control for assessing the HDS results. The validation results were
compared, and the accuracy and efficiency of the HDS was evaluated. Finally, the sensor
was implemented in the geotechnical centrifuge so its performance and efficiency at
different g-levels could be examined.
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5.1.1 Heat Dissipation Sensor
The term heat dissipation sensor (HDS) and thermal conductivity sensor (TCS)
are used interchangeably (Fredlund 1992). The idea of using HDS to measure soil matric
suction (or water content) is not new. The first HDS model was designed and constructed
by Shaw and Baver (1940), who demonstrated that heat dissipation can be used as an
index of soil moisture content. They suggested supplying a constant current of 400 mA
for 2 minutes to avoid the evaporation phenomenon caused by heating and to enhance the
resolution of the device. Soil, as a particulate system, consists of solid particles and pore
spaces filled with water, air, or both. The thermal conductivity of a solid is higher than
that of water, and the thermal conductivity of water is higher than that of air. Therefore,
when a heat pulse is applied to a porous medium, heat dissipation will be directly related
to how much water is stored in the pore spaces (Fredlund et al. 2000). Eventually, HDSs
were developed, and the first real model was developed by Phene et al. (1971). The
development history of heat dissipation sensors was explained in detail by Fredlund et al.
(2012).
The modern HDS is quite small in comparison to the original models. Recently,
two types of HDSs have been commonly used in geotechnical research. These are the
FTC-100, manufactured by Geotechnical Consulting Testing System Company (GCTS)
and the CSI 229, manufactured by Campbell Scientific, Inc. (CSI). Both sensor types
operate on the same basic principles, but the CSI sensor is smaller. Because size is an
important factor, the CSI sensor was selected for the current study.
5.1.2 Campbell Scientific Sensor (CSI 229) Description
The CSI 229 heat dissipation sensor is shown in Figure 5.1 and consists of three
main parts: a heating element, which is a resistive wire; a measuring element, which is a
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thermocouple; and a ceramic. The heating element and thermocouple are included in a
tiny hypodermic needle embedded in a cylindrical-shaped ceramic. The HDS is usually
connected to measuring devices. These devices are constant current power supply (CSI
model CE4) and data logger. The typical amount of current supplied in the CSI sensor is
50 mA for a heating period of 20 to 30 s. Heat energy is dissipated within the ceramic;
thus, the calibration and measurement of the sensor are independent of the surrounding
soil type. The water content in the ceramic is assumed to be under equilibrium and
controls the heat dissipation rate. Response time varies from days or weeks depending on
soil type and the initial difference in degree of saturation between the ceramic and the
surrounding soil. Range of temperature change reported in Campbell Scientific Inc.
(2009) is 0.7°C and 3 to 4°C for saturated and dry conditions, respectively. Figure 5.2
shows the typical results of HDS reported by Shiozawa and Campbell (1990) indicating
that the temperature increases and reaches its peak during heating; then decreases during
cooling to the initial temperature. The temperature change during heating is the
difference between the initial and peak temperature.
Even though HDSs have proven reliable for measuring matric suction in both the
field and laboratory, implementing a HDS sensor in a geotechnical centrifuge has some
limitations. The main limitations are the response time and the bulky size of the sensor.
To address these two limitations, the idea of using the HDS without the cylindrical
ceramic as a water content sensor is proposed for this study. Figure 5.3 demonstrates the
small size of the HDS after the ceramic has been removed. In addition, the HDS is
relatively lower cost and less bulky than traditional water content sensors, which makes it
a good alternative for centrifuge applications.
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Figure 5.1 Heat dissipation sensor (CSI 229) by Campbell Scientific. Inc (Campbell
Scientific Manual, 2009).

Figure 5.2 Typical temperature rise and fall in a heated probe (Shiozawa and Campbell
1990).
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Figure 5.3 Emphasis on miniature size of HDS.
5.2 METHODOLOGY
5.2.1 Materials Properties
Various soil samples including pure sand, sand with various kaolinite clay
contents, and pure kaolinite clay were used in this study. The sand was a uniform fine
silica sand from Columbia, South Carolina. The grain size distribution is shown in Figure
3.1 and was obtained using the sieve analysis conducted in accordance with ASTM D422. Physical properties of the soils are tabulated in Table 5.1. The Atterberg limits and
specific gravities were determined in accordance with ASTM D-4318. Specific gravities
of pure sand and kaolinite clay were determined in accordance to ASTM D-854, and the
specific gravities of sand-clay mixtures were calculated using a linear relationship
suggested by Ling et al. (2009). The soils were classified according to the Unified Soil
Classification System (USCS) as listed in Table 5.1. The saturated hydraulic conductivity
was measured according to ASTM D-2434. The constant head procedure was followed
for testing pure sand and the falling head procedure was followed for testing of sand-clay
mixtures.
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Table 5.1 Soil properties.
Properties
Specific gravity, Gs
Liquid limit, LL (%)
Plasticity Index, PI (%)
Unified Soil Classification System, USCS
Saturated hydraulic conductivity, Ks (cm/s)

0
2.67
N/A
NP
SP
4.0 x 10-3

% clay content
10
20
2.67
2.66
20
22
2
5
SM
SM-SC
2.0 x 10-4 5.0 x 10-5

30
2.66
27
11
SC
1.0 x 10-5

5.2.2 Heating Period Test Setup
A heat dissipation sensor (HDS) works by transmitting a constant current for a
specific period of time. Heating period and input current are the main two factors
controlling the amount of heat energy. The input current should be high enough to
provide maximum temperature change without damaging the sensor and low enough to
avoid water-phase change. Simultaneously, the heating period should be short enough to
allow for capturing a quick change of soil water content and long enough to provide
sufficient resolution. In this study, the amount of current was fixed to 200 mA, which is
the maximum current suggested by the manufacturer (Scanlon et al. 2002) while a series
of experimental tests with different heating periods of 0.5, 1.0, 2.0, 4.0, and 10.0 s were
conducted to select an appropriate heating period. Initial temperature in the laboratory
was maintained to 68 ±2ºF during testing to avoid the ambient temperature effect as
much as possible (Reece 1996; Flint et al. 2002). For this set of experiments, the ambient
temperature effect was minimal, however, if the ambient temperature varies significantly
between tests, a correction should be performed following the procedure proposed by
Flint (2002). The soil was assumed homogenous; furthermore, it was assumed that the
heat would dissipate equally and radially from the needle outward through the
surrounding soil.
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The test setup consists of HDS, constant current power supply (CE4), voltage
power supply, microprocessor, and National Instruments data acquisition system (NIDAQ), as shown in Figure 5.4. The HDS has four wires: two are for the heating element;
the other two are for the thermocouple type T. The heating element wires were connected
to the microprocessor, while the thermocouple wires were connected to the NI-DAQ. The
soil was the surrounding porous medium which the sensor would be in direct contact with
and through which the heat would be dissipated. Different soil types were used in this
experimental testing to examine the effect of soil type on heat dissipation time.

Figure 5.4 HDS setup diagram.
5.2.3 Sample Preparation and Test Procedure
Dry soil was thoroughly mixed with tap water to prepare reconstituted specimens
of pure sand and kaolinite clay. For clayey sand samples consisting of 10 %, 20 % and 30
% clay, the sand was mixed with kaolinite clay in a dry state; tap water was added, and
the mixture was thoroughly mixed. The mixture was then placed in closed plastic bags
for 24 hours to ensure homogeneity. The samples were compacted in an acrylic cell with
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a diameter of 7.5-cm and a height of 15-cm. The compaction process was conducted in
1.0-cm-thick lifts using a miniature hammer. The mold has a threaded hole with a 0.5-cm
diameter on the wall for sensor installation. For each soil type, soil specimens were
prepared at one dry density and at several initial water contents as presented in Table 5.2.
When the compaction process was completed, the sensor was inserted horizontally into
the specimen as shown in Figure 5.4. The microprocessor was used to control the heating
period, and the CE4 device was used to control the input current.
Table 5.2 Test type, flow condition, soil type, and initial properties of tested specimens.
Test type

Flow
condition

Clay
content (%)

Calibration test

N/A

0
10
20
30
100
0
30
0
30
30

Validation
test

Column test

No flow
Flow

Centrifuge
Test

Soil properties
Dry density
Water content (%)
(g/cm3)
1.55
0, 5,10,15,20,25,26
1.60
0,5,10, 15,20,23,24
1.70
0,5,7,10,12,15, 18,20
1.69
0,5,7,10,12,15,18, 20
1.49
5,10,15,20,22,25,28
1.55
2,4,8,12,16,20
1.69
11,13,15,17, 19,21
1.55
2
1.69
11
1.69
5, 10, 15, 20

5.3. RESULTS AND DISCUSSIONS
5.3.1 Optimum Heating Period
Figure 5.5 shows the relationship between temperature change and water content.
It indicates that for the same heating period, the temperature increase becomes smaller as
the water content increases due to high conductivity of water in comparison to air. The
sensor sensitivity is affected by the water content, the temperature change is always
higher for specimens with lower water content than for those with higher water content. It
is noted that for the heating period of 10 s, the variation of temperature change for the
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degree for saturation between 40 and 60 % is reduced as shown in Figure 5.5. It is also
expected that the temperature increase is greater as the heating period increases for the
same water content. The optimum heating period depends on the geotechnical
application. For the transient-flow conditions in a centrifuge model subjected to
gravitation acceleration several times higher than the earth gravity, water content could
change rapidly. Therefore, a relatively short heating period at an acceptable resolution is
desired. As observed in Figure 5.5, the resolution increases as the heating period
increases. For example, for the 0.5-s heating period, the accuracy of results may be
affected by the signal noise. However, for the 10-s heating period, the effect of signal
noise is negligible but this longer heating period may not be appropriate for centrifuge
applications. A combination of the heating time and the input current should be consistent
for a set of tests in order to obtain comparable and accurate results (Shuai et al. 2002;
Padilla and Perera 2004). This study focuses on selecting a suitable heating time for the
centrifuge modeling application and based on the test results, the 2-s heating time was
selected for this study.
5.3.2 Sensor Calibration
Figure 5.6 presents the temperature change measured using HDS (200 mA input
and 2-s heating period) for different soil samples. The radial heating distance from the
sensor has been experimentally examined and was found to be approximately 5-10 mm
away from the sensor. The temperature rises to a peak value during the heating period of
2-s and returns back to the initial temperature after the end of heating period and the time
to return to the initial temperature is the cool down time. The peak temperature and the
cool down time depend on the degree of saturation. The higher the degree of saturation,
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Figure 5.5 Variation of temperature change with degree of saturation measured by HDS
with 200 mA current.

Figure 5.6 Typical heat pulse with time measured by HDS with 200 mA current and 2-s
heating time.
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the lower the peak and the shorter the cool down time. This relationship provides
additional confirmation that the sensor resolution is controlled by the saturation
condition. Heat induction (increasing of temperature) is expected to be the lowest and the
dissipation (cool down time) is expected to be the highest at saturated condition. The
difference between initial and peak temperature were used to generate a relationship
between degree of saturation and temperature change, as shown in Figure 5.7. A trend
was observed with some deviation for dry samples and for samples with high degrees of
saturation (above 80%). Nevertheless, the results for soil samples with degree of
saturation between 20-80% follow the same trend. The fitted curve and the upper and
lower bound of the band with 95% confidence interval are illustrated in Figure 5.7. Based
on the calculated chi-square of 3.326 and the critical chi-square of 49.795, the curve fits
well the experimantal data for all soil types. To improve accuracy, the fitted curve can be
developed for each soil type.
5.3.3 Matric Suction Correlation
Measured water content or degree of saturation can be correlated with matric
suction through measurement of the SWCC experimentally or predicted using developed
models available in literature (i.e. Van-Guetchen 1980 model or Fredlund and Xing 1994
model). In this study, SWCCs for both drying and wetting paths were directly measured
using an automated Tempe cell system (Ray and Morris 1995; Awad et al. 2017) and the
effect of soil type on the shape and hysteresis behavior of SWCC can be observed as
shown in as shown in Figure 5.8. The accuracy of the SWCC has significant impact on
the evaluation of matric suction therefore the factors affecting SWCC measurement
should be taken into account when correlation is performed.
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Figure 5.7 HDS calibration curve for all soil types with 200-mA supply and 2-s heating
period.
The drying path of SWCCs were correlated with the calibration curve (Figure 5.7)
to estimate matric suction values for different soil types presented in Figure 5.9 and Table
5.3. It is noted that the drying path of SWCC may not best represent the SWCC for
compacted soil. For the SWCCs measured in this study, the range of matric suction
values were obtained for soils with degree of saturation higher than the residual values
and the values correspond to a temperature-change in HDS range of 20 to 46ºF. As the
clay content increases, a lower range of temperature-change was observed corresponding
to higher range of matric suction values. At very high matric suction close to residual
values, the matric suction increases rapidly for small changes of temperature. As a result,
the sensitivity of sensor is low, impacting the accuracy of HDS measurement. For this
study, due to limitations of the SWCC testing system, the residual value of the clayey
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sand with 10, 20 and 30 % clay content is not clearly defined, therefore, the range of
matric suction measured using HDS is limited to the range of values shown in Figure 5.9.

Figure 5.8 SWCC for different soil types.
Table 5. 3 Estimated matric suction for different soil type using HDS calibration curve.
Temperature
(F)

Degree of
saturation (%)

20
22
24
26
28
30
32
34
36
38
40
42
44
46

92
88
76
66
57
49
41.4
35.8
29
24
18.2
14
10
5.8

Pure sand
1.8
2.3
3.1
4.0
4.6
5.0
5.2
6
6.3
6.6
7.2
7.6
8.8
20.0

139

Matric suction (kPa)
10% clay 20% clay
1.8
2.2
2.1
2.9
4.5
5.6
5.6
6.7
6.3
8.2
7.0
14.0
8.2
19.0
14.0
55.0
17.0
88.0
26.0
150.0
90.0
N/A
N/A
N/A
N/A
N/A
N/A
N/A

30% clay
2.9
4.8
12.0
18.0
30.0
62.0
140.0
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Figure 5.9 Assessed matric suctions using HDS for different soil type.
5.4 DENSOR VALIDATION
5.4.1 Column Test
5.4.1.1 Setup
The experimental validation tests were conducted to assess HDS accuracy and
efficiency by comparing results with a conventional tensiometer. The validation test setup
shown in Figure 5.10, consists of an acrylic cylinder, two HDSs, two small-tip
tensiometers (type 2100f- manufactured by Soil-Moisture Corp., Santa Barbara, CA),
nozzle, pressurized water system, National Instruments data acquisition (NI-DAQ), and
interface program for each sensor type. Validation tests were conducted under two
different flow conditions: static condition (no flow) and transient condition (one
dimensional vertical flow) and using two soil types: pure sand and clayey sand (30%
clay).
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Figure 5.10 Sensor validation setup diagram for column test.
For the static-flow conditions (no flow), a total of twelve tests were performed on
soil samples prepared at different initial water content. Table 2 presents water content for
each test and soil types. It is noted that water contents less than 2 % for sand and less than
11 % for clayey sand were not used to avoid water cavitation using the tensiometer. The
soil samples were prepared using the same procedure as the calibration test but the
samples were then compacted dynamically in an acrylic cylinder with a 13.6-cm diameter
and a 90-cm height. The specimens were compacted in lifts (5-cm thick) to reach 45 cm
in height. Four sensors were inserted horizontally at two locations along the soil
specimen, as illustrated in Figure 5.10. The first two sensors were inserted at a 5-cm
depth from soil surface and designated as HS1 and T1 for HDS and tensiometer,
respectively. The second two sensors, designated as HS2 and T2, were inserted at a 25cm depth from the soil surface, leaving a center-to-center vertical distance of 20-cm
between the two rows. After the soil specimen was compacted, the acrylic cylinder was
sealed to prevent evaporation and maintain constant water content throughout the
samples during testing. Once the setup was completely assembled, the test began by
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applying heat pulses of 2-s at a constant 200 mA current periodically. Simultaneously,
tensiometer measurements were continuously recorded until the response leveled off
indicating that the equilibrium condition was satisfied.
For the second testing condition under simulated rainfall or transient vertical flow
conditions, two tests were performed for each soil sample. The sand sample was prepared
at an initial water content of 2 %, and the clayey sand sample was prepared at an initial
water content of 11 %. For the transient flow tests, the water content of soil samples
increases due to water infiltration. A rainfall system is made of a conical pattern nozzle
with a 0.4-mm orifice diameter and a flow rate of 2.7-liter/hour under a pressure of 415
kPa (60 psi). The nozzle is positioned 10-cm above the soil specimen to simulate a
constant rainfall of 1.4 mm/minutes for a duration of 30 minutes. Measurements were
recorded simultaneously from both sensor types.
5.4.1.2 Column Test Results
Prior to the validation tests, the response time (RT) of the tensiometer was
evaluated and found to range from one minute to a few hours depending on the soil type
and water content as shown in Figure 5.11. The efficiency and accuracy of the matricsuction assessment using the HDS was evaluated through a comparison between the HDS
test results and those obtained with the tensiometer. Test results were obtained under both
static and transient-flow conditions as shown in Figures 5.12 and 5.13, respectively.
Typical results shown in Figure 5.12 are for the static tests of soil specimens prepared at
water content of 2 % for sand and 11 % for clayey sand. As described in the previous
section, a total of twelve tests were performed for the static tests for two types of soil at
different water contents. Since there was no flow and the specimen was compacted
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uniformly, the sensors measured the same results. The response time (RT) of the
tensiometer was approximately 1 hour for pure sand and 4 hours for clayey sand for
specimens prepared at 2 % and 11 % water content, respectively. In this study, the results
show a quick response of HDS in terms of temperature change regardless of water
content and soil type.
Results for transient-flow tests are shown in Figure 5.13. The figures illustrate
measurements taken from the sensors at two different elevations for soil specimens
prepared at initial water content of 2 % for sand and 11 % for clayey sand. For the nearsurface sensors (HS1 and T1), Fig. 5.14a shows that after the rainfall was applied, the
sensor T1 began to respond, indicating that the advanced wetting front had reached the
sensor location. As a result, the matric suction decreased gradually and reached a nearzero value after a period of 90 s for sand and 380 s for clayey sand. It is observed that the
response time for clayey sand is longer than that for pure sand because higher range of
matric suction is expected for the clayey sand (Oliveira and Marinho 2008). Results from
HS1 in terms of temperature change show a quick response for both types of soil in terms
of temperature change, as illustrated in Figure 5.13. Figure 5.13b shows results for data
recorded from sensors at lower elevation. These sensors clearly sense changes in water
content at some point after the top row sensors detect water-content change because the
infiltrating water takes longer to reach the lower sensor locations. The length of flow time
is determined by soil hydraulic conductivity, which is not constant for unsaturated soils
but is a function of water content and soil type. Once the infiltrating water reaches the
sensor location, the matric suction decreases. The figure shows that the response times
for the T2 are approximately the same as those reported for the T1 for both soil types.
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Figure 5.11 Response time in column tests under different initial water content: (a) Sand
(b) Clayey sand with 30% clay content.
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Figure 5.12 Tensiometer and Heat Dissipation sensor response with time for column test
under no-flow condition.
The new approach of measuring water content using HS2 also shows a quick
response similar to the HS1. The observation from all of the tests implies that water
content can be obtained quickly and used to estimate matric suction. Matric suction
obtained from both type of sensors was plotted against each other and compared with the
one-to-one function as shown in Figure 5.14. Slight deviation was observed between the
results for both sensors but overall they are in agreement. Several factors affecting the
results include but are not limited, to fluctuation of ambient temperature, variations of
SWCC, and soil uniformity. It is noted that the range of matric suction measured for
these tests were limited by the capacity of tensiometer (<85 kPa) and SWCC
measurements.
In summary, the measurements using the HDS system developed in this study are
validated and the sensor can be used for measuring water content and estimating matric
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Figure 5.13 Tensiometer and Heat Dissipation sensor response with time for column test
under vertical flow conditions: (a) Results of top sensors (b) Results of bottom sensors.
suction under conditions where response time is the most important factor (i.e., transient
flow in a geotechnical centrifuge). In addition, the sensor’s miniature size and cost
provide great benefits for research specifically for centrifuge modeling testing. The
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following section discusses the implementation of the HDS in the geotechnical centrifuge
and examines sensor performance at different g-levels.

Figure 5.14 Comparison between matric suction from tensiometer and HDS.
5.4.2 Implementation of HDS in Centrifuge Tests
5.4.2.1 Setup
A series of tests were conducted using a customized setup assembled in a 1.35-m
radius geotechnical centrifuge at the University of South Carolina. The setup illustrated
in Figure 5.15 was designed to measure in-flight water content of unsaturated soils using
HDSs. It consists of an acrylic cell, two HDSs, voltage power supplies, constant current
power supply (CE4), a digital relay circuit, a thermocouple type T signal conditioning
manufactured by Omega (DRF-TCT), NI DAQs manufactured by National Instrument,
and a software interface. The acrylic cell has two holes at different elevations on its wall
to hold the HDSs. The HDS has a heater and a thermocouple type T. The heater is
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connected to the constant-current device to control input-current amounts. The digital
relay circuit controlled the heating time period and was connected to the NI rely module
to provide a remote trigger used to control the circuit during spinning. The thermocouple
was connected to the signal conditioner. The amplified output signal was connected to the
NI DAQ, which communicated through the centrifuge wireless network.

Figure 5.15 Centrifuge experimental setup diagram.
5.4.2.2 Sample Preparation and Test Procedure
Clayey sand soil with 30 % kaolin clay was used for the centrifuge tests. Soil
specimens were prepared at different initial water contents and a constant dry density (see
Table 5.2). Same procedure of sample preparation described previously were used. After
the specimen was compacted, the acrylic cell was placed in the centrifuge basket, and the
HDSs were inserted at two different elevations, as shown in Figure 5.15. Specimen was
subjected to different levels of centrifuge gravity of 1g, 10g, 20g, and 30g. At each glevel, the heat pulse was sent several times to allow the temperature increase to a peak
value and then dissipate throughout the soil over the cool down time until initial value
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was reach, when another heat pulse was sent. Temperature changes were recorded
continuously.
5.4.2.3 Centrifuge Test Results
A total of four specimens were prepared at water contents of 5 %, 10 %, 15 %,
and 20 %, corresponding to degrees of saturation of 23%, 46 %, 70 %, and 93 %,
respectively. These specimens were tested at different g-levels ranging between 1g and
30g. Figure 5.16 shows typical results of the temperature rise from the heating pulse and
heat dissipation measured from two HDS sensors located at different elevations along the
soil specimen. The combined results of the temperature rise at different g-levels are
shown in Figure 5.17. A comparison between the results from high g centrifuge
experiments and the 1g centrifuge experiments, the sensors performed similarly as shown
in Figure 5.17. Very similar results were observed for both HDS sensors, implying that
the soil specimen was uniform. There was no effect of centrifuge g-level on the cool
down time. However, heat dissipation sensors installed in the centrifuge are subjected to
change in ambient temperature that affect the results measured by the heat dissipation
sensors. Initial temperature varies slightly (within 10 oF) with g-level due to the variation
in ambient temperature inside the centrifuge. To determine water content based on the
results of the heat pulse measured at different g-levels; the temperature rise was corrected
for ambient temperature according to Flint et al. (2002).
Variation of temperature change with degree of saturation measured from the
centrifuge experiments is plotted in Figure 5.18 and compared with the calibration curve
generated from the laboratory tests presented previously in Figure 5.7. Results from
centrifuge tests agree well with the fitted curve with a 95% confidence interval band
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presented previously in Figure 5.7. It was observed that the centrifuge data points with
higher degrees of saturation are plotted below the fitting curve. Despite this, the HDS
system developed in this study performed successfully in the centrifuge experiments.
With the advantages of miniature size, and low cost, the HDS can be used as an
alternative for measuring water content. The SWCC measured at 1g may be used to
estimate matric suction for centrifuge experiments as suggested by Mirshekari et al.
(2018).

Figure 5.16 Heat pulse from centrifuge tests at different g-levels for clayey sand: a) Test
results of HS1 at water content of 5 %, b) Test results of HS2 at water content of 5 %, c)
Test results of HS1 at water content of 20 %, d) Test results of HS2 at water content of
20 %.

150

Figure 5.17 Temperature change for varying water content and g-level.

Figure 5.18 Centrifuge test results at different g-level plotted over pre-measured
calibration curve.
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5.5 CONCLUSIONS
A heat dissipation sensor type CSI 229 was modified by removing its surrounding
ceramic cylinder. The sensor was then used as a water-content sensor. It was calibrated,
validated at 1-g gravity, and implemented in a geotechnical centrifuge to test its
performance at various g-levels. Experimental tests were conducted for soils composed of
sand with varying clay content to develop a calibration curve used to determine water
content and estimate matric suction based on the SWCC. A series of validation tests was
conducted on sand and clayey sand soils to test sensor efficiency and accuracy under two
different flow conditions. Validation was assessed through comparison with a
tensiometer and good agreement was found between the results collected from the heat
sensors and tensiometers. Results show that the modified heat dissipation sensor can
measure the soil water content very quickly, regardless of initial water content or soil
type. The modified sensor was tested in a geotechnical centrifuge to evaluate its
performance at different g-levels. Results showed that centrifuge acceleration up to 30g
does not affect temperature changes at the same water content. Finally, it is concluded
that the modified heat dissipation sensor can be used to measure in-flight water content,
while the SWCC for each soil type can provide an estimate of soil matric suction.
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CHAPTER 6
CENTRIFUGE MODELING OF CPT IN UNSATURATED CLAYEY
SAND UNDER VARIOUS HYDRAULIC CONDITIONS: ANALYSIS
AND INTERPRETATION
6.1 INTRODUCTION
Cone penetration test (CPT) has been widely used in the field to determine the
bearing resistance of soils. Numerous research studies have been performed to correlate
results from CPT measurements with soil properties including but not limited to: standard
penetration test (SPT); relative density of soil (Dr); friction angle (ϕ) for cohesion less
soils and with undrained shear strength (Su) for cohesive soils (Robertson 1983a, 1983b;
Lee and Salgado 2005; Salgado and Prezzi 2007; Remai 2013, etc). The miniature CPT
has been developed and extensively used for centrifuge modeling of dry and saturated
soil models (Esquivel and Ko 1994; Silva and Bolton 2004; Balachowski 2007; Sharp et
al. 2010; Liu and Lehane 2012; El-Sekelly et al 2014; Kim et al 2015; Ouyang and
Mayne 2018, etc). The cone tip resistance (qc) is widely used for soil characterization at
various stages of loading, which is important for a parametric research studies. In several
studies miniature cones have been used to investigate factors affecting the CPT results.
These factors include container size, boundary conditions, penetration rate, spacing, and
acceleration gravity (Lee 1990; Bolton et al. 1999; Balachowski 2007; Liu and Lehane
2012, Sharp et al. 2010, Wei et al 2015).
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For unsaturated soils, the interpretation of CPT results is more complicated
because of the variation of water contents presented in the model affecting matric
suctions and soil stress state (Yang and Russell 2015). Effects of degree of saturation (or
matric suction) on qc have been studied and mostly limited to sandy soils. Hryciw and
Dowding (1986) performed CPTs in sand at varying degrees of saturation in small
laboratory samples to gain insight into the behavior under unsaturated conditions.
Vanapalli and Mohamed (2013); Pournaghiazar et al. (2013) performed CPTs in a
calibration chamber containing unsaturated sands to study the effect of matric suction on
the qc and soil bearing capacity. Recent laboratory suction-controlled CPT results in
unsaturated silty sand conducted by Yang and Russell (2015) also showed the influence
of matric suction on the measured qc. Lehane et al. (2004) conducted field studies on
Perch sand to evaluate effects of soil moisture contents on the qc and found seasonally
fluctuation of soil moisture content impacted the qc values by a factor up to 2. Tan (2005)
and recently, Miller et al. (2018) conducted laboratory CPTs and field investigation to
investigate the effects of matric suction on qc on fine-grained soils. Jarast (2017); Jarast
and Ghayoomi (2018) performed centrifuge CPTs on Ottawa sand to investigate the
effect of matric suction on qc. They found that the qc increases approximately twice as
much for unsaturated conditions compared to saturated conditions. Results from all these
studies show that the cone penetration resistance can be significantly influenced by an
increasing of effective stress associated with an increasing of soil matric suction. It is
important to note that all these studies assumed matric suction is constant during
penetration implying that the drainage condition was fully drained, regardless the soil
type and the penetration rate used. Criteria for evaluating the drainage conditions during
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CPT specifically for unsaturated soils have not yet been established. More research
studies are needed for the interpretation of CPTs in unsaturated soils.
Centrifuge modeling is a powerful research tool suitable for a parametric study of CPTs
under different stress and hydraulic conditions. This research aims to gain insight into
how matric suction influences cone tip resistance for clayey sand under high centrifuge
gravity at various hydraulic conditions. A series of centrifuge CPTs were performed on
clayey sand to investigate the effects of degree of saturation under three conditions: ascompacted, wetting (rainfall), and drying (evaporation) conditions. The effect of stress
level induced at different levels of centrifuge acceleration was investigated. This study
utilized a 6-mm diameter cone penetrometer to perform CPTs in the 15g-ton
Geotechnical Centrifuge Facility at the University of South Carolina. Soil water content
was measured in centrifuge models using newly developed heat dissipation sensors
(Awad and Sasanakul 2019). This study presents a correlation between the cone tip
resistance measured in centrifuge tests and the degree of saturation accounting for various
hydraulic conditions.
6.2. CENTRIFUGE MODELING DESCRIPTION
6.2.1 Tested Material
Clayey sand used in this study was a mixture of 30% commercial kaolinite clay
and 70% uniform fine silica sand from Columbia, South Carolina. Soil properties were
determined in accordance to ASTM standards and results are presented in Table 6.1. The
hydro-mechanical properties of this material were characterized using soil water
characteristic curves (SWCC) for wetting and drying paths directly measured using an
automated Tempe cell system (Awad et al. 2017; Ray and Morris 1995; see Awad et al.
2017 for more detailed information about testing system and procedures). The automated
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system controls continuous water volume extraction and infusion at a desired flow rate to
develop continuous drying and wetting of SWCCs. Soil samples were initially prepared
at fully saturated and experienced drying path until reaching a limited matric suction,
then the process was automatically reversed to wetting path. In this study, the testing
system has the maximum matric suction limited to 200 kPa. As a result, Fredlund and
Xing (1994) model was used to best fit the experimental data along both drying and
wetting paths and was extrapolated to higher matric suction levels beyond the residual
values (see Figure. 6.1).
Table 6.1 Soil properties.
Soil properties
Specific gravity, Gs
Atterberg
Liquid limit, LL (%)
Limits
Plastic limit, PL (%)
Plasticity index (%)
Unified soil classification system (USCC)
Compaction
Maximum dry unit weight (kN/m3)
characteristics
Optimum moisture content (%)
Coefficient of saturated hydraulic conductivity, Ks (cm/sec)
Shear strength
Effective cohesion, c’ (kPa)
parameters
Effective angle of internal friction, ø’
SWCC
Air entry value (Ψa), (kPa)

Soil type
Clayey sand
2.66
27
16
11
CL
18.7
12.5
1.0E-05
3.5
31
10

6.2.2 Cone Penetration System
A miniature cone penetrometer designed by Carey et al. (2018) was manufactured
at University of South Carolina. Figure 6.2 and Figure 6.3 present a schematic diagram of
the cone penetrometer and photographs of the cone penetration system, respectively. The
cone is limited to measuring only cone tip resistance as it does not have instrumentation
to measure friction sleeve or pore water pressure. The CPT is composed of a cone tip, an
outer sleeve tube with a diameter of 6 mm, and a stainless-steel rod with a diameter of 4
mm. A 1300-N load cell is attached to the end of the stainless-steel rod and mounted
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Figure 6.1 Soil water characteristic curve.
inside an aluminum reaction frame. The tip apex angle of the cone is 60° (projected area
of 28.27 mm2) and the maximum cone length is 135 mm. The outer sleeve tube is
installed to prevent the friction force acting on the inner rod and is fixed to the sleeve
support. The clearance from the tip of sleeve tube to the top of the penetrometer cone tip
is slightly less than 1 mm. This clearance is designed to prevent a contact between the
outer sleeve tube and the cone tip during penetration. Additional clearance of 0.5 mm is
designed between the inner steel rod and the sleeve tube inner surface. The gap behind
the cone is sealed by an O-ring, thus there is no material expected to flow behind the
cone. In addition, there are three O-ring grooves along the rod to maintain the rod
alignment and minimized the friction between the rod and the sleeve tube. Since the rod
is inside the sleeve tube, the load cell mainly records the force representing of qc. More
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detailed information can be found in Carey et al. (2018). The CPT driving system used in
this study consists of a stepper motor, gears, and belt system with a maximum travel
distance of 160 mm. The driving system is controlled by an electrical circuit designed
specifically to maintain the cone movement downward and upward at a desired speed.
Customized University of South Carolina centrifuge data acquisition software is used to
communicate with the driving system circuit via National Instrument Relay Module. This
software is also used to record data from the CPT load cell and heat dissipation sensors
thus the CPT operation and data acquisition can be synchronized. Upon a completion of
the model preparation, the cone penetration system is installed. Prior to the centrifuge
spinning, the position of the cone tip is set just above the soil surface of the model.
6.2.3 Infiltration Rainfall System
The inflight rainfall system consists of eight fog-spray nozzles installed in three
rows on an aluminum plate located at approximately 70 mm away from the surface of the
model as shown in Figure 6.4. The locations of these spraying nozzles are designed in
such a way that a cone of mist from each nozzle provides uniform coverage of water
infiltration for the entire surface of the model. Pneumatic solenoid valves were used to
supply a steady state inflow to the nozzles. In this study, air pressure of 140 kPa was used
to supply water at 0.42 liters/min. Based on the target degree of saturation for each
rainfall test, the volume of water supplied to the nozzles and time of application can be
6.2.4 Model Preparation
Soil model was prepared in a centrifuge container made of aluminum with a wall
thickness of 12.7 mm and inner dimensions of length, width, and height of 385 mm, 360
mm, and 310 mm, respectively. The container was designed to be very stiff so that the
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Figure 6.2 Schematic of the customized miniature cone penetrometer (Modified after
Carey and Kutter 2018).
deformation of the container produced by the horizontal soil pressure under high
centrifugal acceleration can be neglected. The soil model is then assumed to be at rest
condition under the high centrifugal gravitational acceleration (centrifuge g-level). Dry
sand was mixed thoroughly with 30 % kaolinite clay in a dry state to make clayey sand
soil; then tap water was added to achieve desired water content, and the mixture was
thoroughly mixed. The mixture was then placed in closed plastic bags for 24 hours to
ensure homogeneity. The specimen was compacted dynamically in the centrifuge
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Figure 6.3 Cone penetration system at the University of South Carolina geotechnical
centrifuge.
container in 1.0-cm-thick lifts to achieve the dry density of 17 kN/m3, approximately
91% of the maximum dry density of this soil. Approximately 15 layers of soil were
required to reach a total model depth of approximately 15 cm. All centrifuge models were
prepared at the same dry density with varying initial water contents as presented in Table
2.
Four heat dissipation sensors (HDSs) were installed in the centrifuge model at
different depths as shown in Figure 6.4 to obtain inflight water content measurements.
The vertical distance between each sensor is approximately 30 mm. Location of the HDS
estimated prior to testing.profile relative to the location of CPT is also shown in Figure
6.4. HDSs were manufactured by Campbell Scientific Inc. and modified to measure soil
water content (Awad and Sasanakul 2019a). The sensor consists of two main parts: a
heating element and a thermocouple combined inside a hypodermic needle as shown in
Figure 6.5. The HDS works by transmitting a constant current of 200 mA during a

160

heating period of 2 second and the temperature response from surrounding soil is
recorded. The response from HDSs is used to determine soil water content based on the
calibration performed on the same material prepared at the same density. More detailed
information about the HDS can be found in Awad and Sasanakul (2019a).

Figure 6.4 Centrifuge test setup for CPT with the rainfall system.
6.3. TESTING PROGRAM AND PROCEDURE
Each test was conducted by spinning the centrifuge to a target g level to perform
CPTs while the model is subjected to different hydraulic condition. Inflight water content
measurements were conducted to verify when there was no change of water content with
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Figure 6.5 A modified heat dissipation sensor (HDS).
time and the steady state condition had been reached (redistribution of pore fluid
pressure). Water content measurements were performed throughout testing: prior and
during spinning, before and immediately after CPTs using HDSs. Additional water
content measurements were also performed on soil samples taken from the container
upon the completion of each test. Based on the water content, matric suction was
estimated using the SWCC as shown in Figure 6.1. Wetting and drying paths of SWCC
were used depending upon the hydraulic conditions of the soil. Due to the high density of
the soil model, it was assumed that there would be no consolidation occurred during the
centrifuge spin-up. This assumption was verified by settlement measurement before and
after the tests.
The cone penetrometer was driven to a depth of 100 mm at a rate of 10 mm/s. A
100-mm penetration was selected to avoid the boundary condition effect as the distance
from the container wall should be at least 10 times the cone diameter according to Kim et
al. (2015), Gui et al. (1998) and Bolton et al. (1999). According to the criterion proposed
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by Bolton et al. (1999), the rigid boundary effect (i.e. bottom boundary) can be neglected
when the cone stop penetrating at distance around 10B or higher (B-cone diameter) from
the bottom of the container. In this study, the bottom of container was approximately 50
mm from the cone tip at final depth, which is approximately 8.33B. Consequently, some
impact on the results is anticipated but it is likely to be small. The cone rate of 10 mm/s
was selected based on a range of values used in the previous research studies on
unsaturated soils preformed in a calibration chamber for silty sand (Yang and Russell
2015) and silty clay (Miller et al. 2018); and in centrifuge modeling tests for sand (Jarast
2017). Assessments of drainage conditions during CPT were not provided in these
studies. The penetration rate used in this study was assessed using a non-dimensional
normalized velocity (V) developed by (Finnie and Randolph 1994) for saturated soils and
implemented by several researchers (Randolph and Hope 2004; Jaeger et al. 2010;
DeJong et al. 2012; Ouyang and Mayne 2018; etc.). Finnie and Randolph (1994)
suggested a criterion for evaluating cone rate effects applicable to saturated soil based on
cone diameter and coefficient of consolidation (cv). The cv was not measured in this study
and was estimated to range between 0.2-0.9 mm2/s according to Jaeger et al (2010).
Consequently, it is possible that the CPTs were under undrained condition. The standard
cone penetration rate (v) in the field is 20 mm/s (ASTM D5778-12) and the cone
diameter is 36 mm. It was found that the value of V for the field standard CPT is about 12
times higher than those in the centrifuge. It is important to note that all of the criteria used
to assess the drainage conditions for CPTs in this study were developed for saturated soils
but have not been validated for unsaturated soils.
A total of 13 CPT centrifuge tests were performed on 8 models as listed in Table
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2. The CPTA, CPTB, CPTC, CPTD, and CPTE were performed under as-compacted
condition with various degrees of saturation and under centrifuge g-level of 30g. The
other 3 tests designated by CPTF-1, CPTF-2, and CPTF-3 were prepared at as-compacted
condition and conducted on the same soil model (Model F) at centrifuge g-level of 20, 30
and 40g, respectively. The CPTG-1 and CPTG-2 were conducted on the same soil model
(Model G) at centrifuge g-level of 30g and were performed at as-compacted condition
and after the rainfall event, respectively. The CPTH-1, CPTH-2, and CPTH-3 were
conducted on the same soil (Model H) at centrifuge g-level of 30g and were performed at
as-compacted condition, after rainfall event, and after evaporation event, respectively.
Detailed information about these tests are provided in Table 6.2. Locations of the CPTs,
as illustrated in Figure.6.4, were designed to optimize number of CPTs performed in the
same model. Minimum horizontal spacing used between testing locations was 70 mm
which is more than ten times the cone diameter which is a minimum distance
recommended by Kim et al (2015) to minimize the interaction between the area of
influenced among the penetration locations.
Table 6.2 Centrifuge testing conditions
Test No.

Test designation

Model

Test Condition

1
2
3
4
5
6
7
8
9
10
11
12
13

CPTA-1
CPTB-1
CPTC-1
CPTD-1
CPTE-1
CPTF-1
CPTF-2
CPTF-3
CPTG-1
CPTG-2
CPTH-1
CPTH-2
CPTH-3

A
B
C
D
E

As-compacted

F

As-compacted

G

S (%)
37
42
44
52
71
44
44
44
37
N/A*
37
N/A*
N/A*

Location

glevel

X

30

X
Y
Z
X
Y
X
Y
Z

20
30
40
30

As-compacted
Wetting (Rainfall)
As-compacted
H
Wetting (Rainfall)
30
Drying
(Evaporation)
*N/A: means that the degree of saturation is not constant with depth but varies due to hydraulic change.
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6.4 TRIAXIAL TESTING PROGRAM AND PROCEDURE
Triaxial tests were conducted using the Entry Level Dynamic Triaxial Testing
Machine (ELDYN) manufactured by GDS Company (see CHAPTER-4 for more detailed
information about testing equipment). Soil specimens were collected from the centrifuge
model of the as-compacted testing condition after the CPTs had been performed. Soil
blocks were extracted from the model. Each soil block was trimmed using a trimming
tool to form a cylindrical shape. A cylindrical mold with a diameter of 5-cm and a height
of 10-cm was pushed slowly along with the trimming process. A sample of 5-cm in
diameter and 10-cm in height was obtained. Next, it was placed on a triaxial base
pedestal and a membrane was placed over it, then the porous stone and top cap were
place on the sample. Finally, the triaxial cell was tightly attached to the base and was
filled with tap water, leaving a 2.5-cm gap at the top to allow pressurization of the water
during testing.
Ten specimens were tested for different confinement pressures and different
degrees of saturation. Table 6.3 shows the triaxial testing conditions. These tests are
designated by CW14-15, CW28-15, CW40-15, CW14-50, CW28-50, CW40-50, CW28150, CW40-150, CW28-290, and CW40-290. The specimens were designated using the
symbol CWx-y, in which CW denotes constant water content, x is the net confining
pressure, and y is the matric suction applied in the test.
The soil samples were initially subjected to pre-estimated matric suction and
desired net confinement pressure to replicate the mean stress in the centrifuge models at
different depths. After equilibrium was achieved, the specimens were sheared under
constant water content (CW) triaxial tests. Specimens then sheared under a controlled
strain rate of 0.009 mm/min.
165

Table 6.3 Triaxial tests matrix.
Test
No.
1
2
3

Model
designation
CPTA-1

Model

CPTB-1

B

4
6
7
8
9
10
11

CPTC-1
CPTD-1

C
D

CPTE-1

A

E

Triaxial test
Designation
CW28-290
CW40-290
CW28-150
CW40-150
CW28-150
CW14-50
CW28-50
CW40-50
CW14-15
CW28-15
CW40-15

Net confining
pressure (kPa)
28
40
28
40
14
28
40
14
28
40

Matric suction
(kPa)
290

S (%)

150
150
145

42

50

52

15

71

37

44

6.5 RESULTS AND ANALYSES
6.5.1 Effects of g-level on cone tip resistance
Scaling laws for unsaturated soil condition have been proposed by several
researchers (e.g. Garnier et al 2007). Water content in centrifuge models is not effected
by the centrifuge gravity but the distribution of water content along the depth of the
model is scaled by a factor of N (N is a centrifuge gravity N times earth’s gravity, g).
Although these scaling laws are well known but limited experimental data are available
especially at high suction (Garnier et al 2007) and the applications of scaling laws related
to the aspect of CPT are also limited. Tests CPTF-1, CPTF2, and CPTF-3 were
conducted on the Model F under 20, 30, and 40g, respectively to validate scaling laws
and evaluate the effect of stress level due to centrifuge acceleration on the cone tip
resistance, qc. Scaling laws were applied to evaluate prototype qc compared in Figure 6.6
Small variations of the qc among these tests were observed at the depth below 1-m
possibly because of the low confining stress. For example, for the test CPTF-1 performed
at 20 g, the total vertical stress for the depth of 0.5 and 2-m are approximately 8.5 and 34
kPa, and the corresponded values of qc measured at these depths are 7 and 8 MPa,
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respectively. In addition, the CPTs performed at very low confining stress may be
affected by the sensitivity of the load cell. Despite some variation of qc at shallow depths,
overall results are consistent, particularly at the depth between 1-3 m regardless of the
centrifuge g-level. These results showed that variations of qc with depth obtained at
different centrifugal acceleration are in a good agreement and similarity of qc and water
content distribution in centrifuge models is validated. The small variation of qc with
depth observed at 1-3 m for all tests as seen in results shown in Figure 6.6a, suggests that
the effect of gravity induced stress is relatively small in comparison to typical results for
saturated soils. This is because the shear strength (or qc) for unsaturated soils is
influenced by a combination of matric suction and normal stress. Matric suction depends
on soil degree of saturation and is not affected by the centrifuge g level. Similar
observation was reported by Ng et al. (2016). The degree of saturation was found to be
nearly constant along the soil profile of Model F regardless of the g-level as shown in
Figure 6.6b, indicating that the pore water (or matric suction) redistribution with g-level
is relatively small for this soil type. As a result, the profile of constant matric suction
influences the overall variation of qc with depth. The pore water redistribution at high g
level would be different for other soil types and initial conditions.
6.5.2 Effect of degree of saturation on cone tip resistance
Results of CPTA, CPTB, CPTC, CPTD, and CPTE tests for as-compacted
condition are presented in Figure 6.7. Variation of degree of saturation measured by
HDSs with depth for each test is presented in Figure 6.8. It is important to note that these
results show that the degree of saturation is nearly constant in each model with the values
range between 37% and 71% between different models. This means that for this type of
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Figure 6.6 Effect of g-level on cone tip resistance for soil Model F
soil and there is very small pore water redistribution at 30 g. Water content
measurements conducted after the centrifuge tests for several locations within the model
and results agreed with the in-flight water content measurements using the HDSs. Results
for qc presented in Figure 6.7 are influenced by the degree of saturation and the matric
suction in soil models. Comparing Figures 6.7 and 6.8, the qc increases as the degree of
saturation decreases. The measured value of qc at various depths in relation to the degree
of saturation for all of the CPTs is presented in Table 3. Overall, it was observed that the
qc values are more than 4 times higher when the degree of saturation reduces from 71%
to 37%. The qc for CPTB and CPTC were very similar as there is only approximately 2%
difference in degree of saturation for the tests.
Based on the degree of saturation, matric suctions can be estimated using the
SWCC curves. This study utilized the drying SWCC shown in Figure 6.1 to estimate
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Figure 6.7 Variation of cone tip resistance with depth for various degree of saturation.
matric suction for the as-compacted condition. Correlations between the qc and the degree
of saturation and matric suction are observed and presented in Figure 6.9 and a summary
of data is tabulated in Table 6.4. Very small variation of degree of saturation in the soil
model results in the same value of matric suction. Figure 6.9 presents the increasing of
cone tip resistance with matric suction measured at different depth along the soil profile.
Small difference in the qc values within the model is effected by the total vertical stress.
Based on Figure 6.9, it is clear that the matric suction induced stress has more impact on
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the qc than the gravity induced stress. This observation is valid for the clayey sand tested
in this study.

Figure 6.8 Variation of degree of saturation with depth measured by HDSs
It is noted that the CPTA was performed for the degree of saturation of 37%
corresponding to the matric suction of approximately 290 kPa which is closer to the
residual suction value than those in other models as shown in Figure 6.1. Pournaghiazar
et al. (2013) performed CPTs on as-compacted loose and medium sand and found that the
qc increases by approximately 20% as the matric suction increases from 0 to 25 kPa. For
silty sand, Miller et al (2018) found that the qc increases by approximately 50%
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Figure 6.9 Correlations between cone tip resistance and matric suction and their
corresponding degree of saturation
(from 2.7 to 4.1 MPa), when the matric suction increases from 18 to 59 kPa. For clayey
sand tested in this study, the qc increases by 300%, when the matric suction increase from
15 to 290 kPa. Results from this study and previous studies indicate that the effect of
matric suction on the qc values should be considered in the interpretation of CPT results.
In some type of soils, effect of matric suction is more dominant on the qc values than the
effect of normal stress. More research is needed to develop correlations between the qc
and shear strength parameters considering soil type, range of matric suction, other factors
for unsaturated soils.
The undrained condition is anticipated during the CPTs performed in this study,
although the change in matric suction, if any, was not quantified. However, in all tests
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there was no change in water content (or degree of saturation) before and immediately
after the CPTs. This observation indicated that if there is some change of matric suction,
the values would be consistently small for all of the tests. It is important to note that
limited data are available in literature on factors affecting matric suction change under
undrained condition. These factors include but not limited to soil type, initial conditions,
and matric suction history (Khoury and Miller, 2011; Zhang et al., 2016; Awad and
Sasanakul, 2019b).
Table 6.4 Test Results for as-compacted models
Test

Depth (m)

S (%)

CPTA

0.9
1.8
2.7
0.9
1.8
2.7
0.9
1.8
2.7
0.9
1.8
2.7
0.9
1.8
2.7

36
37
37
41
42
41
43
43
45
49
53
52
68
67
71

CPTB

CPTC

CPTD

CPTE

Matric Suction
(kPa)
290
290
290
150
150
150
145
145
145
50
50
50
15
15
15

qc (MPa)
9.0
10.9
10.9
6.6
7.2
7.1
6.8
7.2
7.3
4.0
5.1
5.1
1.8
2.3
2.3

6.5.3 Effects of Wetting (Rainfall) and Drying (Evaporation) Conditions
In-flight CPTs were performed to evaluate effects of hydraulic conditions. Results
from a series of CPTs conducted on two models (Model G and Model H) are presented
herein. For Model G, Fig. 10 presents results for CPTG-1 and CPTG-2 performed under
initial (as-compacted) condition and after rainfall condition, respectively. Rainfall event
was applied to for approximately 2.3 minutes. The overall average degree of saturation
for CPTG-1 and CPTG-2 models is 37 to 56%. Results show the decreasing of qc after
the rainfall throughout the depth as illustrated in Figure 6.10a. However, the change is
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not uniform throughout the model depth. Relatively large reduction of the qc was
observed from the surface to a depth of 2.5 m. Lower reduction of the qc was observed at
the depth below 2.5 m. The degree of saturation profile shown in Figure 6.10b verified
the qc observation. The degree of saturation is approximately 60% at 1 and 2 m and
reduces to approximately 40% at depths 3 and 4 m. This implied that during the rainfall
event, the water infiltrated the model mostly at the top 2 to 2.5 m and minimal amount of
water reached the depth below 2.5m. In other words, the pore water (matric suction)
redistribution resulting from rainfall infiltration was effectively captured by the inflight
water content measurements using the HDS. The CPT results are consistent with the new
degree of saturation profile in the soil model.
For Model H, three tests CPTH-1, CPTH-2, and CPTH-3 were performed for
three conditions: as compacted, rainfall (wetting) and evaporation (drying), respectively.
After the CPTH-1 test was conducted, the same rainfall intensity as in Model G is applied
but with longer duration (approximately 4.9 minutes) in order to achieve higher degree of
saturation. The CPTH-2 test was conducted after the rainfall event was completed. The
model was allowed to dry at 1g over a period of 4 days while the change in water content
was monitored until the initial water content was approximately reached. The model was
spun to the 30 g level and the CPTH-3 test was conducted. Figure 6.11 presents the
variation of qc and degree of saturation with depth for the Model H. Results show a
significant reduction in qc values after the rainfall event (CPTH-2) and an increasing of qc
after evaporation (CPTH-3). Evolution of the qc corresponds to the increasing and
decreasing of degree of saturation and the change in matric suction. It is important to note
that although the drying process was performed at 1 g, the pore water redistribution was
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Figure 6.10 Evolution of cone tip resistance and degree of saturation before and after the
rainfall for Model G.
not effected by the centrifuge g level and appeared to be minimal for the soil type and
initial conditions applied for this study. The degree of saturation remains nearly constant
along the soil profile in the model when the g level increased from 1g to 30g. Mirshekari
et al (2018) also reported that the SWCC is independent of centrifuge g-level. In addition,
it is known that wetting and drying cycle affects the SWCC therefore different SWCC for
wetting and drying was used to account for this effect. Comparing results for the CPTH-1
and CPTH-2 tests, the difference in qc values is consistent between depths of 0.5 to 3 m.
Although some variation of degree of saturation with depth for the CPTH-2 test was
observed, from 59% to 76%, the uniform values of qc throughout the depths 1-3 m are
possible due to the measured forces specifically for the CPTH-2 test being very small and
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were approaching the limitation of load cell sensitivity. It is interesting to observe the
profile of degree of saturation for the CPTH-2 test show an increasing of degree of
saturation with depth up to 2.75 m then the value decreases at 3.5 m. This observation is
similar to the Model G but the water infiltrated in Model H reached a greater depth of
2.75-3 m with less infiltration water reaching the depth of 3.5 m. The increase in degree
of saturation at 3.5 m between initial and after the rainfall was approximately 10%. There
is no CPT data available at this depth.
Results for the CPTH-3 test show effects of soil evaporation. As shown in Figure
6.11, the qc values for the CPTH-3 test after evaporation are higher than the CPTH-1 test.
At the depth of 0.3-1.0 m, differences are high because the model surface was relatively
drier than deeper soils. There was no HDS instrumented at these depths but based on the
water content measurement after the centrifuge test, the degree of saturation was
approximately 33% for the depth of 0.5 m and ranged between 38 to 41% at the depths of
sensor locations as illustrated in Figure 6.11b. This is expected that the evaporation
process caused the soil to be much dryer at the surface. It is noted that results for water
content measured by HDSs during the centrifuge test and directly measured after the
centrifuge test agree well as shown in Figure 6.11b. The degree of saturation at the depths
of 1-3 m increases slightly with depth. The increase of average qc were approximately
20% for the depth of 1-3 m in comparison to the as-compacted condition. Hypothetically,
the evaporation caused additional stress to the soil hence the soil may become stiffer. The
matric suction estimated for the CPTH-3 testing results using the same SWCC curve may
not be comparable to the matric suction estimated for the CPTH-1 test results for the
same degree of saturation. The observation from this study indicates that the evaporation
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process may add positive effects on the qc results.

Figure 6.11 Evolution of cone tip resistance and degree of saturation before the rainfall,
after the rainfall and after the evaporation for Model H.
A summary of CPTs results conducted on Models G and H are presented in
Tables 6.5 and 6.6, respectively. Shorter duration of rainfall event in the Model G causes
the qc values to decrease by 50% in compared with a 80% reduction observed in the
longer rainfall event in Model H. However, this change is not uniform as it depends on
the location of the wetting front. Variation of cone tip resistance with degree of saturation
measured under three conditions: as-compacted, rainfall, and evaporation are compared
and presented in Figure 6.12. Despite some differences, it was observed that the
relationship between qc and degree of saturation for all conditions follow the same trend
therefore the hysteresis effect was not observed in these results. It is possible the
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differences in matric suction history between as-compacted, rainfall, and evaporation are
not high enough to develop noticeable effects on the qc. Previous studies reported that
hysteresis effects were observed in shear strength of unsaturated soils conducted in
laboratory triaxial tests for different soil types and testing conditions (Thu et al. 2006;
Guan et al. 2010; Khoury and Miller 2011; etc). Factors affecting the hysteresis effects
include degree of saturation and matric suction history. Similar to the concept of the
over-consolidation ratio of saturated soil, the matric suction history is defined at the ratio
between the highest matric suction experienced and the current matric suction. According
to the SWCC in Figure 6.1, Model G and Model H were initially in as-compacted
condition with the degree of saturation of 36-37% and which was not the same as the
residual condition where the degree of saturation and matric suction are approximately
34%, and 400 kPa, respectively. Low values of the highest matric suction experienced for
these models may result in relatively lower hysteresis effect in comparison with results
from previous studies. However additional data is much needed to evaluate effects of soil
types and initial conditions on the relationship between qc and degree of saturation. This
study presents the use CPTs to characterize unsaturated soils in centrifuge modeling and
results provide consistent increase and decrease in strength and stiffness of unsaturated
soil consistent with the change in hydraulic conditions.
6.6 TRIAXIAL TEST RESULTS
Collected soil specimens from as-compacted centrifuge models were tested in CW
triaxial testing mode to generate stress-strain curves of different mean stresses and
degrees of saturation and the results were presented in Figure 6.13. It was observed that
the stress-strain behavior changes from strain-hardening to strain-hardening softening as
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Figure 6.12 Variation of cone tip resistance with degree of saturation for three different
conditions
Table 6.5 Cone tip resistance values and degree of saturations for Model G
Model

G

Depth
(m)
1.0
1.8
2.6
3.6

Test condition
CPTG-1
qc (MPa)
9.1
10.8
10.3
NA

CPTG-2
S (%)
36
35
37
36

qc (MPa)
4.4
4.1
6.5
NA

S (%)
53
57
42
38

Table 6.6 Cone tip resistance values and degree of saturations for Model H
Model

H

Depth
(m)
0.9
1.7
2.6
3.6

CPTH-1
qc (MPa)
S (%)
8.7
37
9.9
36
9.7
36
NA
38

Test condition
CPTH-2
qc (MPa)
S (%)
2.3
59
1.9
67
1.9
76
NA
50

CPTH-3
qc (MPa)
S (%)
12.8
35
12.0
36
11.3
39
NA
42

the mean confining stress decreases and the matric suction increase. This finding agrees
well with previous work by Rahardjo et al. (2004). The purpose of the stress-strain in this
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study is to estimate the total cohesion parameter (c) and to correlate the results with the
cone tip resistance, qc for the same soil conditions.
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Figure 6.13 Stress-strain curves for CW triaxial tests a. S = 71 %, b. S =52%, c. S = 42
%, and d. S = 38%
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6.7 INTERPRETATION OF CPT RESULTS
6.7.1 Empirical Correlation
From the results generated in this research, a correlation between the matric
suction (or degree of saturation) and the cone tip resistance was developed for ascompacted conditions as shown in Figure 6.9. The Figure shows that as the degree of
saturation decreases, the cone tip resistance increases significantly. In fact, it increases
by 4 times when the matric suction increases from 15 to 290 kPa. Total cohesion was
estimated from triaxial test results presented in Figure 6.13 following the same procedure
explained earlier in section 4.4.3. Subsequently, a correlation was developed between the
cone tip resistance and total cohesion as shown in Figure 6.14. A linear relationship is
observed for the clayey sand tested in this study. If correlations in Figure 6.9 and Figure
6.14 were combined, the same trend would be observed. That is, the cone tip resistance
presented in Figure 6.15 implies the consistent behavior of unsaturated soil in the
presence of matric suction between small specimens and scale model test results. As this
correlation is soil specific, further research is needed to develop more comprehensive
behaviors that cover a variety of soil types.
6.7.2 Cavity Expansion Theory
Muraleetharan et al. (1998) extended the conventional cylindrical and spherical
cavity expansion equations developed by Vesic (1972) for saturated and dry soils to
unsaturated soils by incorporating the two independent stress-state variables: net normal
stress and matric suction as well as elastic and strength parameters associated with the
two stress variables. In between the cylindrical and spherical theories, Mitchell and
Keaveny (1986); Hryciw and Dowding (1987) suggested the use of a spherical cavity
expansion theory in prediction of penetration resistance in the cone penetrometer in most
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Figure 6.14 Correlation between total cohesion and cone tip resistance for clayey sand
soil

Figure 6.15 Correlation between total cohesion and matric suction versus cone tip
resistance for clayey sand soil.
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cases except for overly consolidated or incompressible sand where the cylindrical cavity
expansion theory is more appropriate. Thus, for the clayey sand soil used in this study,
the spherical cavity expansion equation developed by Muraleetharan et al. (1998) was
adopted to interpret the cone penetrometer data.
General equation of extended spherical cavity expansion theory:
Eq. 6.1
Where:
: Ultimate pressure
,

: Dimensionless spherical cavity expansion factors
Eq. 6.2
Eq. 6.3

Where:
: Reduced rigidity index

Eq. 6.4

Eq. 6.5

Where:
: Rigidity index
Eq. 6.6
Where:
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: Mean normal stress
Eq. 6.7
Where:
: Total cohesion or shear strength contributed from matric suction.
: Effective cohesion
: Matric suction =
: Pore air pressure
: Pore water pressure
: Change in matric suction during cavity expansion process
: Angle of internal friction due to normal stress
: Angle of friction due to matric suction
: Saturated degree of saturation
: Degree of saturation
: Residual degree of saturation
: Modulus of Elasticity
: Elastic modulus with respect to matric suction
: Poisson ratio
: Volumetric strain in plastic zone at ultimate condition
As mentioned earlier in Section 2.3.4, the assumptions involved in the analysis
and further assumptions by Tan (2005) were made to facilitate the solution of equation
6.1. For example, assuming constant water content, matric suction, and atmospheric pore
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air pressure, the general form of the cavity expansion equation will reduce to 6.8.
Consequently, equations 6.4 and 6.6 will reduce to equations 6.9 and 6.10, respectively:
Eq. 6.8
Eq. 6.9

Eq. 6.10

The solution of a spherical cavity expansion equation requires several parameters.
These parameters are:

. With the exception of

can be either reasonably assumed (i.e.
). The parameter

, other parameters

) or measured in laboratories (i.e.

can be calculated depending on soil depth and soil unit

weight. The shear strength parameters are

as presented in

Table 4.1. The average value of the parameter

is estimated from stress-strain curves of

triaxial tests as illustrated in Figure 6.13. The parameter was estimated from triaxial test
results. If triaxial test results are not available, the parameters can be predicted by
equation 6.7. The only unknown parameter is the volumetric strain, εv. This parameter
cannot be obtained from laboratory tests. Therefore, equation 6.1 can be solved as a
function of εv. Assuming a range of volumetric strains from literature, a series of curves
that show the variation of the qc can be generated. The selected range of εv have been
considered to cover three different behaviors: no volume change occurred (rigid εv = 0),
expanding or dilating (εv = (-)), and contracting or compression (εv = (+)). Figures 6.166.19 are tests associated with matric suctions of 15-290 kPa respectively. These results
show the impact of the volumetric strain on the calculated cone tip resistance using cavity
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expansion theory. For a given matric suction, the cone tip resistance increases as the
volumetric strain decreases. It is observed from the figures that the calculated and
measured qc are matched at positive range of εv. This implies that the clayey sand
exhibited contracting behavior during penetration for all the matric suctions used.
For further analysis, the volumetric strain and the associated matric suction are
plotted as shown in Figure 6.20. The figure shows that as matric suction increases, the
volumetric strain decreases. It is interesting that similar behavior was observed in the
triaxial test results, where the higher matric suction made the soil stiffer and exhibited
less volumetric strain. Figure 6.20 is useful to evaluate the qc for future analysis and
interpretation of CPT testing results. Generating similar curves for a wide range of soils
will help develop a more generalized method for CPT data interpretation of other soils.
One of the limitations of this approach is the assumption of constant matric
suction during penetration. This assumption may be reasonable only for drained
conditions but in undrained conditions, the pore water pressure changes, consequently,
the matric suction will change accordingly. If changes in the matric suction during
penetration is considered, additional unknown parameters such as matric suction change
(

) and modulus of elasticity associated with matric suction (H) are needed as shown in

Eq. 6.1. In this case, matric suction change should be estimated or measured
experimentally and assumed to be equal to the matric suction change in the plastic zone
surrounding the tip of the cone. Modulus of elasticity associated with matric suction can
be calculated from one of the volume change equations available in literature (i.e. Vu and
Fredlund 2004).
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Figure 6.16 Sensitivity of cone tip resistance from cavity expansion theory with εv for ascompacted test (matric suction 15 kPa)

Figure 6.17 Sensitivity of cone tip resistance from cavity expansion theory with εv for ascompacted test (matric suction 50 kPa)
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Figure 6. 18 Sensitivity of cone tip resistance from cavity expansion theory with εv for
as-compacted test (matric suction 150 kPa)

Figure 6.19 Sensitivity of cone tip resistance from cavity expansion theory with εv for ascompacted test (matric suction 290 kPa)
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Figure 6.20 Relationship between matric suction and volumetric strain for clayey sand
soil
6.8 CONCLUSIONS
A series of centrifuge modeling CPT experiments was performed on unsaturated
clayey sand in this study under different hydraulic conditions: as-compacted, rainfall and
evaporation to investigate the effects of degree of saturation on cone penetration
resistance and to evaluate the stress level effects due to centrifuge acceleration. The CPTs
were successfully performed at different centrifuge g-levels and at various hydraulic
conditions. It was found that variations of qc with depth obtained from different
centrifugal acceleration are in very good agreement and similarity of qc and water
content distribution in centrifuge models is validated. Results obtained in this study show
a strong dependency of cone tip resistance on degree of saturation (or matric suction). It
was found that the matric suction has greater impact on the qc than the total vertical stress
because the matric suction induced stress is much higher than the change of vertical stress
189

due to the g level. Pore water redistribution when the soil model experienced high g level
appears to be minimal for the soil type and initial conditions applied for this study. The
cone tip resistance generally increases with the decreasing of degree of saturation. For the
clayey sand, the cone tip resistance increases by approximately 300%, when the matric
suction increase from 15 to 290 kPa for as-compacted condition. Results for the rainfall
tests show that there is a significant reduction in the cone tip resistance after the rainfall,
with approximately 50% and 80% reduction for shorter and longer rainfall duration,
respectively. Increase of the cone tip resistance due to evaporation was observed and the
values are consistent with the measured degree of saturation. There was no hysteresis
effect on the cone tip resistance thus a single relationship between the cone tip resistance
and degree of saturation can be developed for the clayey sand tested in this study. This
study shows that the centrifuge CPT can be used to evaluate relative change in strength of
soil due to the change in hydraulic conditions.
Correlation between total cohesion measured from triaxial tests and measured
cone tip resistance form CPT was developed for the clayey sand soils. Furthermore a
correlation between matric suction and cone tip resistance was developed. It shows a
strong dependency of cone tip resistance on matric suction. The cone tip resistance
generally increases with an increase in matric suction. Cavity expansion theory for
unsaturated soils were used to generate correlation between matric suction and
volumetric strain. This correlation validates the measured cone tip resistance for the soil
type and stress conditions in this study.
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CHAPTER 7
SUMMARY AND CONCLUSIONS AND RECOMMENDATIONS FOR
FURURE WORK
7.1 SUMMARY
An intensive experimental work was conducted in this research on both soil
samples and scaled models using a variety of devices and instrumentations to study the
hydraulic and mechanical behavior of unsaturated soils. The first part of the research was
to investigate the effect of flow rate on the unsaturated, fundamental soil property with
SWCCs. The investigation covers both the drying and wetting paths of sandy soil mixed
with varying percentages of clay. The SWCC presented in this study utilized an
automated system developed by Ray and Morris (1995). The test was performed by
extracting water from the specimen during drying and infusing water into the specimen
during wetting at a controlled flow rate. Hysteresis behavior and parameters of SWCCs
were also evaluated for different flow rates and soil types. Furthermore, a onedimensional analysis was performed to estimate a point when the deviation from
equilibrium would occur.
The second part of the research presents the analysis of undrained shear behavior
of unsaturated clayey sand and silt under constant water content (CW). Triaxial tests were
used to evaluate hysteresis effects on the change of the matric suction during shearing.
The testing program was designed to evaluate the matric suction history as a factor
affecting shear-induced matric suction behavior. Two independent stress state variables
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of net normal stress and matric suction were adopted for data interpretation. The
evolution of matric suction during the undrained shearing condition quantified for soils
subject to drying and wetting paths. Based on the results, a relationship between the
undrained shear strength and the matric suction at failure was developed for the shear
strength formulation of unsaturated soils.
In the third part of the research, a modified commercial heat dissipation sensor
(HDS) was adopted to evaluate matric suction in centrifuge model testing. The porous
ceramic was removed, and the sensor was used as a water-content sensor. As a result, the
matric suction could be obtained from a soil water characteristic curve (SWCC) for each
soil type. The optimum heating period was first investigated experimentally in a series of
tests on different soil types. A calibration curve, which is the relationship between
temperature change and water content, was generated for all soil types. SWCC was
measured independently and used to obtain an estimate of the corresponding matric
suction. Validation of the HDS measurement was conducted for two soil types (pure sand
and clayey sand) under two different flow conditions: no-flow and vertical flow. A
tensiometer type 2100f was used as a control for assessing the HDS results. The
validation results were compared, and the accuracy and efficiency of the HDS was
evaluated. Furthermore, the sensor was implemented in the geotechnical centrifuge so its
performance and efficiency at different g-levels could be examined.
In the fourth part of the research, a series of centrifuge cone penetration tests
(CPTs) were performed on clayey sand to investigate the effects of varying degrees of
saturation under three conditions: as-compacted, wetting (rainfall), and drying
(evaporation) conditions. The effect of stress level induced at different levels of
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centrifuge acceleration was investigated. A 6-mm miniature cone penetrometer was
utilized to perform CPTs in the 15g-ton Geotechnical Centrifuge Facility at the
University of South Carolina. The water content of the soil was measured in centrifuge
models using newly developed heat dissipation sensors. This study presents a correlation
between the cone tip resistance measured in centrifuge tests and the degree of saturation
accounting for various hydraulic conditions. In the last part of the research, results of ascompacted models were utilized to develop a correlation between cone tip resistance that
was measured by centrifuge CPTs and total cohesion that was measured by triaxial tests
of clayey sand. Cavity expansion theory developed by Muraleetharan and Miller (1998)
and modified by Tan (2005) and Collins (2017) was used to generate a semi-theoretical
correlation between matric suction and volumetric strain. This correlation validates the
measured cone tip resistance for the soil type and stress conditions in this study.
7.2. CONCLUSIONS
Overall conclusions are:
1. SWCCs of clayey sand produced a more gradual decrease in water content over a
range of matric suction than observed for pure sand. It was also concluded that the
flow rate has little to no effect on the SWCC characteristics for pure sand, but a
noticeable effect in clayey sands. This effect is more pronounced in the wetting path
than in the drying path and it increases as the percentage of clay content increases.
Hydraulic hysteresis increased as the clay content increased and also increased as the
flow rate increased. SWCCs measured under non-equilibrium conditions (fast
extraction/infusion rates) appears to overestimate matric suction for the drying path
and underestimates matric suction for the wetting path at the same volumetric water
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content. For equilibrium or steady state flow, it is suggested that a slow enough rate
be used to ensure that the deviation occurs at least close to the residual matric suction.
2. Matric suction decreases during shearing for all of the drying tests, while results from
the drying-wetting tests show increases in matric suction, depending upon the matric
suction history. Results of the drying path tests for clayey sand exhibited strainhardening behavior for matric suction up to 200 kPa while those for silty soil
exhibited a strain-hardening/softening behavior for matric suction higher than 50 kPa.
The shear strength of drying-wetting tests was higher than that for drying tests
performed at the same initial matric suction for each soil type. To account for the
hysteretic effect, the shear strength can be estimated based on the matric suction at
failure.
3. A modified heat dissipation sensor can measure the soil water content very quickly,
regardless of initial water content or soil type. The modified sensor was tested in a
geotechnical centrifuge to evaluate its performance at different g-levels. It is conclude
that centrifuge acceleration up to 30g does not affect temperature changes at the same
water content. It is also concluded that the modified heat dissipation sensor can be
used to measure in-flight water content, while the SWCC for each soil type can
provide an estimate of soil matric suction.
4. It stands to reason that the CPTs can successfully be performed at different centrifuge
g-levels and at various hydraulic conditions with an insignificant effect of centrifuge
acceleration on stress level. It also concludes that the cone tip resistance generally
increases with a decrease in the degree of saturation for the as-compacted condition
or evaporation process. The degree of saturation also decreases significantly when the
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model is subjected to rainfall events. In addition, there was found to be no hysteresis
effect on the cone tip resistance. Thus, a single relationship between the cone tip
resistance and the degree of saturation can be developed for the clayey sand tested in
this study. Moreover, the centrifuge CPT can be used to evaluate relative change in
the strength of the soil due to the change in hydraulic conditions.
5. Preliminary correlations developed in this study through the use of the cavity
expansion theory and triaxial test results can be used to predict cone tip resistance
when matric suction is known.
7.3 RECOMMENDATIONS FOR FUTURE WORK
To further advance the understanding of both mechanical and hydraulic
behavior of unsaturated soils, future research is suggested as listed:
1. Investigation of the effects of hydraulic history on mechanical behavior of
unsaturated natural soils of both disturbed and undisturbed samples.
2. A study of the effects of a number of drying (evaporation) and wetting (rainfall)
cycles on cone tip resistance of unsaturated soils using a miniature cone
penetrometer in geotechnical centrifuge.
3. Investigation of the dynamic behavior of unsaturated soils under undrained
conditions.
4. A comparison and validation of constitutive models developed in literature for
unsaturated soils.
5. Creation of a model of an earth dam or levee in the geotechnical centrifuge and
simulating the transient flow condition represented by flood or drawdown to study
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the effect of transient flow on both hydraulic and mechanical behavior of
unsaturated soils
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APPENDIX A
MEASUREMENT OF SOIL WATER CHARACTERISTIC CURVE
USING AUTOMATED TEMPE CELL SYSTEM
The automated Tempe cell system is a closed system designed specifically to
measure Soil Water Characteristic Curve (SWCC) for both drying and wetting paths
continuously in a timely manner. This appendix is divided into three main sections:
system hardware; computer software; and sample preparation and testing procedure.
1. System Hardware:
1.1 Tempe cell
A Tempe cell model 1400 manufactured by Soil Moisture Equipment Corp.,
Santa Barbara was used in this study. The Tempe cell consists of three parts: Top and
Base caps, porous ceramic plate, and brass cylinder. The top and base cap shown in
Fig.A.1 are used for isolating the soil sample from the surrounding environment. They
are made of plexiglass in order to permit unrestricted view of the internal parts and soil
sample. The "O" rings in the caps make the pressure seals inside the cell. The porous
ceramic plate is used for allowing only the water to path through but not the air and can
vary in bar rating and size as per the type of soil and Tempe cell size, respectively. The
thickness of the ceramic plate used in this study was 7.14 mm and the diameter was 66.7
mm. The air entry of the ceramic plate was 100 kPa (1 Bar) and 200 kPa (2 Bar). Brass
cylinder is used for containing the soil sample and it has an inner diameter of 5.3 cm and
height of 3 cm. Soil sample is typically compacted in the cylinder to reach a height of
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approximately 2.5 cm. Figure A.2 shows all of the components of the Tempe cell for 3
cells before assemble. In addition, a miniature hammer used to compact the soil specimen
is shown in Figure A.2.
Figure A.3 shows the Temple cell with a compacted soil specimen ready for
testing. Tempe cell assembling procedure and soil specimen preparation method are
described in details in Section 3.

Figure A.1 Tempe cell components

Figure A.2 Tempe cell components
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Figure A.3 Assembled Tempe cell
1.2 Air Pressure Supply and Control
A pressurized air system with regulators is used to regulate air pressure applied to
the top of the Tempe cell as shown in Figure A.4. It is noted that the maximum supplied
air pressure is 150 Psi but the capacity of the regulators is 60 Psi.

Figure A.4 Air pressure regulators
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1.3 GDS controller
The GDS controller shown in Figure A.5 is the first generation of the air-water
controllers manufactured by the GDS Company. The controller is designed to measure
and control pressure and volume change. The volume change is represented the volume
of water that move in and out of the controller. The system consists of a cylinder with a
capacity of 200 cm3 (200,000 mm3) filled to approximately half to two-third of the
cylinder volume with de-aired water. Figure A.6. shows a diagram of the entire Tempe
cell system with all of the components. The process of filling the cylinder is performed
using a large burette connected to one of the Swagelok fittings located at the 4-way valve
(preferable to use the top port). First, the burette is filled with de-aired water and
connected to the valve top port of the four way valve through a line as shown in Figure
A.7. Second, the valve is opened. Third, the controller is turned on and the reverse button
on the GDS controller is then pressed and hold so that water moves into the cylinder. It is
suggested to tilt the controller slightly by putting a rigid support with a height of about 12 cm under the valve side of the controller so that all of the air makes its way out. The
controller should be filled to the half or two-third because some volume is needed to
accommodate drained water from the Tempe cell during testing.
De-aired water is pressured or displaced by movement of a piston located inside
the cylinder. The piston is activated by a stepper motor and gearbox. The controller is
designed so that one increment of the motor displaces the piston by 1 mm3 of water. The
pore pressure transducer was replaced with a differential transducer to monitor pressure
difference between air and water pressure, which is presumably a pressure head that
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represent a matric suction. The differential pressure is monitored using the
microprocessor installed inside the controller.
It is important to note that the controller can be controlled manually or by a
computer. When the controller is first powered, the Hold Volume button on the GDS
controller screen should be pressed to stop any movement (see Figure A.8). If continuous
noise is heard for more than 30 second, it is possible that the controller is having a high
pressure inside the GDS controller’s cylinder and the lines that exceed the differential
pressure transducer limit. If this occurs, the controller should be turned off and the tube
fitting should be opened to relieve the pressure or suction. A short time-noise (2-5
second) sometimes happens when one of the tubes is struck or one of the valves is turned
on/off one too fast. The same process (press Hold Volume) should solve the issues. The
continuous noise can also be related to the fact that the piston travels to the end of the
controller. To fix the issue, press and hold Forward or Revere buttons on the controller
screen to manually move the piston forward or backward.

Figure A.5 GDS controllers
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Figure. A.6 Automated Tempe cell system configurations.

Figure A.7 GDS controller cylinder filling process
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Figure A.8 GDS controller pressure\volume readout screen and the buttons
1.4 Differential Pressure Transducers
The Sensym SCX30D pressure transducers are used and shown in Figure A.9.
They are wired directly through the GDS controller. These transducers are not original to
the controller. The original pressure transducers are existed and located inside the
controller and can be reconnected for other purpose if necessary. Maximum capacity of
the Sensym differential pressure transducer is 30 psi (2 bar or about 2000 cm H2O head).
There are two ports located on the sensor as shown in Figure A.9. The first port is more
suitable for water because it has higher corrosion resistance while the second port is for
air only. The differential pressure transducer has a 4-wire strain-gauge system. These
wires are typically Red, Black, Green and White for Power + (Vs); Power – (Ground);
Sense + (Output+) and Sense – (Output -), respectively. The temperature output is not
used. This wiring system is the same as strain gauge type transducer.
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Figure A.9 Sensym pressure transducer (Honeywell/DigiKey)
Calibration of the transducer is done with two small potentiometers mounted on
the circuit board of the GDS controller as shown in Figure A10. There are two adjustment
potentiometers: one for offset, one for scale as shown and labeled in Figure A.10. The
third potentiometer shown in the picture is to adjust the voltage. Calibration procedure is
provided as follows. It is noted that the calibration may be repeated a few times to
achieve high accuracy.
1. Set applied pressure to zero and adjust the offset potentiometer until 0.00 kPa
reads on GDS output.
2. Set applied pressure to 100 cm with a burette water level exactly at 100 cm above
the transducer.
3. Adjust scale potentiometer to read 100.0 kPa from the GDS controller screen (it is
noted that the unit on the screen is not correct as it should not be in kPa but in cm).

222

4. Disconnect the burette and re-check the offset potentiometer to ensure that it reads
0.00.
5. Set the water to 100 cm and recheck the scale potentiometer. This procedure may
be repeated several times until the controller reads the expected values correctly.

Figure A.10 Adjustment potentiometer
1.5. Computers
There are two computers used for the SWCC measurement. The first computer is
denoted as an old computer where the original soil-moisture testing program (GMOIST)
was written and used by Dr. Richard Ray, a former faculty member of the department of
Civil and Environmental Engineering at UofSC. The hard drive of the old computer is
from 1989 and the computer is connected to the GDS controller via HPIB (General
Purpose Interface Bus) connections (See Figure A.11). This is the only type of connector
that can be used to interface with the current GDS controllers.
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The second computer is a modern PC and it has been installed in 2017. This
computer is used to receiving data downloading from the old computer via a special USB
serial cable (RS232) shown in Figure A.12. This process is necessary because there is a
challenge in exporting data directly from the 1989 hard drive from the old computer.

Figure A.11 Old Computer

Figure A.12 USB serial cable (RS232)
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2. Computer Software:
The GMOIST is a software that installed on the old computer and used for the
SWCC measurement. The program is based on hot keys as there is no mouse. Once the
computer is powered, the first step is to type Load "GMOIST" and hit ENTER key, and
type Run and hit ENTER key again, the program GMOIST is flashed on its screen as
shown in Figure A.13. It is important to note that the GMOIST command must be in two
parentheses as “GMOIST”. Figure A.13 shows the interface of the GMOIST. The far left
column on the main screen of the interface has useful information that shows several
options. The purposes of these options are for monitoring the graph progression during
testing, and saving the data. There are three columns that show Test Number 1, 2, and 3
for all 3 tests. These tests can be performed simultaneously and independently from
others, but they all use the same program. For example, Test 2 can be set up while Test 1
is running.

Fig.A.13 GMOIST software interface
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For the first time starting up the GMOIST program, the program is in a waiting
mode. The clock is ticking. These is no concern about the wrong clock time because it is
only used to keep track how long the test is running, In other word, relative time is more
important. It is important to note that the pressure and volume read by the program
should be the same as the big LED readout on the controller itself.
The main page of the program interface shown in Figure A.13 has several useful
options. These options are described below.
[P]lot data: This option is very useful function to monitor testing progress. The plot
option allows graphing the progress of all three tests as they run. First, the key (P) has to
be pressed so that the option [P]lot is highlighted. There are four options in this menu.
[X]min, [X]max, [Y]min, and [Y]max. The graph is plotted between the volume of
extracted/infused water on the X-axis and the pressure on the Y-axis. The input values of
[X]min and [X]max are 0 and 200,000 mm3. The input values [Y]min and [Y]max are 01000 cm. These maximum values of 200,000 cm3 and 1000 cm are the limits of the
controller cylinder capacity and the porous ceramic, respectively. They can be adjusted as
needed depending on the ranges of values or the portion of the graphs needs to be seen.
[U]pdate: This option is used to redraw the graph with all the latest data added to it.
When the key (U) is pressed, a graph fills the screen so that the observer can to see the
testing progress. To exit [P]lot, [Q]uit must be pressed, consequently, the interface is
back to the main menu.
[F]ilework: The main function of this option is to save the data (one test at a time) as an
ASCII file. Consequently, the saved data can be transferred to PC. In order to save test
data to a file on the hard drive the [F]ilework menu has to be highlighted by pressing the
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key (F). Under the [F]ileword there are five choices: [T]est, [P]ut, [G]et, [S]ave,
and[R]etrieve data. The main options are the [T]est and [S]ave data. When [T]est is
selected by pressing the key T and type 1, that means the save data is specifically for test
number 1. Next, the key (S) for saving is pressed and the software asks for a file name. A
good rule to follow is to just enter in the date as a continuous number with T1, T2 or T3
added at the end. For example, if test 1 was run on June 3 2019, the file name is preferred
to be 20190603T1.
[Q]uit: This option has two functions. At the end of the test is used to exit everything
and be back to the system prompt. It also can be used to exit different levels in the
program.
The three columns under Test[1], Test[2], Test[3] represents the input and readout
data for test 1, test 2 and test 3, respectively. If the key (1) is pressed, the column below
test 1 gets highlighted for entering in data. Some of input symbols shown on the screen
act like a switch, on or off. Others require data entry, for example, diameter. Some of the
lines are not highlighted, no input data for these lines is needed and the existing data is
being reported.
When numbers such as length and diameter are typed, they appear at the bottom
of the screen. After entry key is pressed, they appear in the right place under the
highlighted column for that particular test. For clarification, an example of test 1 shown
in Figure A.13 is further explained below:
[L]ength of specimen = 38 mm
[D]iameter =53 mm
NSamp = number of data sampled = 0 (because the test has not been started yet)
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[T]urn Pt. = 1 the test is moving toward the first turning point (or reversal point)
Turn Val. = Turning Value = Pressure of 2000 cm H2O head (this is impossible to
reach, therefore the test finishes before this pressure is reached). Some number is needed
to occupy space.
[D]el Vol. = Delta Volume (mm2) =10 when another reading is taken. It provides
several thousand data points so there is no need to make this value any smaller.
Vol mm3 = Present volume reading of GDS device.
[G]ds Add = HPIB address of GDS controller, always starts with 7. They are 702,
703,704.
Gds Prs = Gds pressure reading (cm of H2O) from the controller.
Gds [P]max = Maximum pressure allowed for this test = 1000 cm H2O for 1 bar
ceramic
[R]un ticks = Number of times the clock ticks before turning the GDS stepper
motor one notch. The controller moves 0.5 mm3 per notch, but the reading changes by 1
mm3 on the GDS controller panel, so it takes two notches to turn over the volume from
1000 to 1001 mm3.
[P]lot Flag = This is an on/off switch. ON means that the data can be plotted on
the screen to visually monitor test progression. Off means this option is not active.
[R]e-Start = All data should be set to zero and the test will begin.
[C]ontinue = Continue test where it left of (sort of like after a pause)
Logging = Status of test, 0=not doing anything, 1= extracting water -1= infusing
water.
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3. Sample Preparation and Testing Procedure
3.1 Saturate the porous ceramic plate by partially immerse it in de-aired water for 24
hours so that the saturation process is achieved by capillary and air bubble is
removed from the porous ceramic plate through the top surface. Figure A.14 shows
the saturation process of the porous ceramic plate.

Fig.A.14 Porous ceramic plate saturation method
3.2 Assemble the Tempe cell in a sink full of water. Put the saturated ceramic plate in
water along with the O-ring and base with the valve still attached and open to one
direction or the other. Assemble everything underwater and be sure to turn the
valve so that it does not open to either side (i.e. halfway open). After that, remove
the assembled base from water.
3.3 Compact the specimen in the brass mold. Before compaction, it is important to
ensure that the bottom ceramic plate is wet and a shiny wet surface is seen clearly
before putting soil in the brass mold. Soil sample is compacted in 3 layers up to a
depth of about 0.83 cm each (total height of the sample around 2.5 cm).
3.4 Saturate the sample by partially immersing the assembled Tempe cell in water to a
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level just above the soil sample surface with a valve opened and leave it for 24
hours. When about 1 mm of water pool on the top of the specimen is observed, the
specimen is considered saturated. Close the valve after this process is completed
and remove the cell from water.
3.5 Setup the Tempe cell by putting top cap in-place with screws and connect the air
pressure line to it. Open the valve at the base cap of the Tempe cell and slowly and
carefully connect the cell to the GDS controller. This process is to ensure that the
pressure in the lines is decreased very slowly to reach atmospheric pressure
otherwise there will be continuous noise in the device as mentioned previously.
3.6 Fill the GDS cylinder with de-aired water to about half of its volume as explained
earlier. It is important to ensure that a small tube connected to the differential
transducer is filled with de-aired water and no air bubbles observed in the tube. To
do so, hypodermic syringe with a needle and syringe filled with water may be
used. A small diameter (approximately 1 mm) flexible tubing (red) with about 10
cm long should be attached to the needle as illustrated in Figure A.15. The small
diameter flexible tube is inserted inside of a larger flexible clear tube with diameter
of approximately 0.635 cm which is already connected to the water port of the
transducer as shown in Figure A.15. Be sure to push the small diameter tube all the
way to the transducer. Water from the syringe is then carefully injected while the
small diameter flexible tube is slowly pulled out of the larger tube simultaneously.
As the syringe is extracted, water should drip from the larger tube. Once the
process is completed, the larger tube connected to the differential transducer
should be filled with water with no air bubble. Finally, the larger tube is connected
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to the other tube that connected the GDS controller with the Tempe cell.

Figure A.15 Process of filling the clear tubing attached to the water port of the
differential transducer.
3.7 Fill the tube that connected the Tempe Cell with the controller with de-aired water
with no air bubbles. The process can be done easily by manually running the GDS
controller by pressing and holding the Push button. This process allows water (and
air bubbles) to leak out of the fitting as water is slowly pushed out of the GDS.
Connect the other port of the transducer to the air line. Inject small amount of
water from the GDS controller to leave a drop of water at the end of the tubing as
shown in Figure A.16. The tubing is then connected to the bottom part of the
Tempe cell and screw it in loosely so it leaks intentionally. Let it drip once or
twice then tighten the connecter. This is the best way to keep air bubbles out of the
Swagelok connections, overfill the tubes, connect so they are leaky, then inject a

231

little more water through them, then tighten the connection.

Figure A.16 Tubing connected between the GDS controller and the Tempe cell base
3.8 The computer is turned on and the “GMOIST” is displayed on the computer screen
by typing Load “GMOIST” and press the ENTER key. Type Run and press the
ENTER key again (See Figure A.17). In the meantime, apply air pressure to the
top of the specimen in steps to 15 psi (or 100kPa /1000 cm H2O) for 1 Bar ceramic
and 30 psi (or 200kPa / 2000 cm H2O) for 2 Bar ceramic. If the soil sample is
saturated and the system (GDS controller and water lines that connected the GDS
controller to the base of the Tempe cell ) is free of air bubbles, the GDS controller
should respond automatically to the increased air pressure from the regulator with
very short response time (about 10-20 seconds). If the total air pressure of 15 psi is
applied, the first increment should be 5 psi. After a short time period (about 20
second), the GDS reading should read 0.0. The next air pressure increment of 5 psi
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is then applied. After the GDS reading settle to 0.0, the third air pressure increment
of 5 psi is then applied. The final reading of the GDS should be 0.0 because the
specimen is under equilibrium (no suction within the specimen because it is fully
saturated).

Figure A.17 Loading the GMOIST software on the Old Computer
3.9 Enter testing input information in the software (see Figure A.13). First, the test
number is selected. For example, the key (1) should be pressed for test 1 so that the
column under the Test 1 is highlighted. Enter the specimen length and diameter.
Other testing parameters defined earlier including turn point (Turn Pt), turn value
((Turn Val), delta volume (Del-Vol), Gds-add, maximum pressure (GDS-pmax),
and number of ticks (Run ticks) should also be entered. The turn point should be 1
if only drying path is measured and 2 if both drying and wetting are measured. The
turn value (or turnaround value) could be entered as P1000 (Pressure 1000 cm
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H2O) and the next point could be P0. This basically gives a command for the
pressure to increase until it reaches 1000 cm (or 100 kPa) and it reverses
automatically and stop the test at zero pressure (P=0). Alternatively, the first
turnaround point can also be a volume (i.e. V5000) and the second turnaround (i.e.
V1000). Delta volume is typically entered 10 (the reading is taken at each 10 mm3
of extracted/infused water). GDS-add is 702, 703 and 703 for GDS devices 1, 2,
and 3, respectively. Maximum pressure is 1000 cm for 1 bar ceramic and 2000 cm
for 2 bar ceramic. Number of ticks is 1 for sand and more than one for sand with
some fine materials. When all required information are entered in the program,
then press the key (R), the "Computer Control" LED on the GDS controller should
light up. At this moment the "hold volume" button must be released manually. The
GDS controller is now under computer control and the test begins. It is important
to check that the reading of the pressure and the volume from the software are
same as the pressure and the volume on the GDS screen. However, the pressure
unit is not the same as the pressure unit on the software cm-H2O and kPa on the
GDS screen. The [Q]uit option on the left side should be highlighted for the entire
testing period. To exit the test menu, press Q and the main menu should appear. If
multiple tests are conducted at the same time, set up of tests 2 and 3 can be done
while test 1 is running.
3.10 After the test is done, the data should be saved. Close the bottom Tempe cell
valve to keep water from movement in and out of the sample. Air pressure is
released and the water tubing connected the bottom of the Tempe cell to the GDS
controller is disconnected. Unscrew the top cap of the Tempe cell and the entire
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soil specimen can be taken for moisture content measurement.
3.11 Export the saved data file from the old computer to the modern PC. This process
can be achieved using two types of software: TERM and PuTTY, and a USB cable
(RS232). The software TERM is installed on the old computer and the software
PuTTY is installed on the modern PC. Both computers should be connected via the
USB cable. It is important to acquire the COM number from the device manager of
the modern PC to verify the USB cable connection. The COM number is needed as
an input in the PuTTY program. After the PuTTY is opened, the required
information as presented in Figure A.18 should be entered. A file named should be
defined, loaded, and saved to the PC (See Figure A.18). On the old computer as
shown in Figure A.19, the software TERM is opened by type Load “TERM” and
press ENTER key. Type Run and press ENTER key again. Press F6 and then enter
the file name to be exported thus it should be the same file name as it is saved after
the test is done as described in Section 2. It is noted that the file name does not
have to have the same as the file name created in the modern PC using the PuTTY
program. After the file name is entered on the TERM and the ENTER key is
pressed, the data begins to export from the old computer to the PC. After the data
transfer process is completed, the window from the PC is closed manually. The
downloaded text file should appear on the PC. It is noted that the file name should
match the file name created in PuTTY. This file can be opened using Microsoft
EXCEL.
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Figure A.18 PuTTY software
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Figure A.19 Data transferring process
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APPENDIX B
CONSTANT WATER CONTENT UNSATURATED TRIAXIAL TEST
USING ELDYN GDS DEVICE
The constant water (CW) unsaturated triaxial test is performed using the ElDYN
GDS Triaxial testing device which is an automated system designed specifically to run
various modes of triaxial tests including static and dynamic testing. The device can be
utilized to run conventional Triaxial tests for saturated soils such as: consolidated drained
(CD), consolidated undrained (CU), and unconsolidated undrained (UU) Triaxial tests,
and more advanced Triaxial tests such as Stress path tests, resilient modulus tests and
unsaturated Triaxial tests under: Consolidated drained (CD) and undrained test (CW or
CU). This appendix is divided into three main sections: system hardware, computer
software, and sample preparation and testing procedure specifically for conducting the
Constant Water Content (CW) unsaturated traixial test.
1. System Hardware:
1.1 Data Acquisition System
Entry Level Digital Control System (ELDCS) shown in Figure B.1 is a data
acquisition system designed by GDS Instruments to log all measured data and control of
either position or load force to a chosen set point (ELDYN handbook manual 2009). The
ELDCS is connected to a computer via a USB interface and it is controlled by a software
called GDSLAB. The system allows up to four transducer channels for measuring
pressure, force, and displacement as illustrated in Figure B.2. Transducer must be

238

connected to a specific channel because the gain of each channel built in the ELDS
hardware is fixed for each transducer. Displacement measurement is performed by the
optical encoder of the motor for the GDS ELDYN system. This allows very fine
resolution of displacement measurement over the nominal 100 mm travel of the piston.
The sensitivity value found in the GDSLAB for the axial displacement is 0.000208333
mm/Count according to the GDSLAB Handbook manual 2009.

Figure B.1 Entry level digital system (ELDCS)

Figure B.2 Channels and associated output voltage for Entry level digital system
(ELDCS)
1.2 Standard Pressure/Volume Controllers
The GDS Standard Pressure/Volume Controller (STDDPC) shown in Figure B.3
is used to apply back pressure or measure back volume. It is a general-purpose water
pressure source and volume change gauge, which is ideal for the back pressure process
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when both pressure and volume change are measured. A stepping motor and actuated
piston which directly pressurize water into the sample. The pressure is regulated under a
closed-loop control system. De-aired water within a cylinder is pressurized and displaced
by a piston moving inside the cylinder. The piston is actuated by a ball screw turned in a
captive ball nut by an electric motor and gearbox that move rectilinearly on a ball slide.
Pressure is measured by an integral solid state transducer. Control algorithms are built
into the onboard microprocessor to cause the controller to seek to a target pressure or step
to at target volume change. Volume change is measured by counting the steps of the
incremental motor. The change in volume is measured to 1 mm3 (0.001cm3) by counting
the steps to the stepping motor. The system automatically protects itself from pressure
and volume over-ranges. The working pressure of the controller is 1 MPa and the volume
capacity is 200 cm3.

Figure B.3 GDS standard pressure/volume controller
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1.3 Advanced Pressure/Volume Controllers
The GDS Advanced Pressure/Volume Controller (ADVDPC) shown in Figure
B.4 is used to apply pore air pressure and measure the pore air volume change in a
sample. The controller is a microprocessor-controlled screw pump for the precise
regulation and measurement of air pressure and volume change. The ADVDPC may be
used with water, oil or air. For unsaturated soil testing, fluid in the cylinder is a clean air,
which could be used to apply the pore air pressure to the top of the specimen. Air
pressure is precisely regulated under a closed-loop control system. Air volume change is
measured to 1 mm3. The working pressure of the controller is 2 MPa and the volume
capacity is approximately 1000 cm3.
All devices have their own computer interface and can be controlled directly from
a computer with the GDSLAB. The measurement of total volume change for an
unsaturated soil specimen is more complicated than for a saturated soil specimen. In the
case of a saturated soil, the total volume change is equal to the water volume change and
can easily be measured by a volume change gauge. In an unsaturated soil, the total
volume change equals to the sum of water-phase and air-phase volume changes if soil
particles are assumed to be incompressible.
1.4 Load Frame and Actuator
The ELDYN consists of a height adjustable beam mounted actuator unit as
illustrated in Figure B.5. There is a quadrature encoder built into the motor unit which
measures the position of the load ram at all times. ). The full stroke capacity of the device
is 100 mm and the maximum axial load capacity is ±10 kN. The base of the unit contains
a transformer, DC power supply and the brushless motor controller. Before adjusting the
actuator height, the ELDYN must be switched off. During the operation, it is important
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Figure B.4 GDS Advanced Pressure/Volume Controller (ADVDPC)
that both the base of the unit and the load beam are level. If the load beam is not level, the
triaxial load cell seals may suffer excessive wear. The actuator height is adjusted by first
loosening the top nuts and then by turning the lower nut on either side of the beam until
the required height is achieved. When adjusting the actuator
beam height, the actuator beam should be kept as level as possible. A spirit level can be
used for greater accuracy.
1.5 Triaxial Cell and Base Pedestal
Triaxial cell is used to accommodate the specimen and create an environment for
applying different kinds of stress or strains in a controlled manner. The triaxial cell can
be viewed as a conventional cell for saturated soils, which has been modified in order to
accommodate for the testing of unsaturated soils. Modifications include additional pore
air/water pressure connectors, electronic feed via lines through the base and top, and
introduction of High-Air-Entry Porous Ceramic (HAEPC) as illustrated in Figure B.6.
The cell can accommodate various specimen sizes up to 150 mm in diameter. The bottom
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Figure B.5 ELDYN loading frame and actuator.
of the cell, which rests on the bottom plate of the load frame, is dedicated to the porewater pressure control and suction control. Four ports are located at the base of the cell:


Pore air pressure port connected to the top cap via internal tubing.



Pore-water pressure port connected to the pore pressure transducer via tubing.



Back pressure port connected to the standard pressure/volume controller (back
pressure controller). This port is also used to flush air bubbles accumulated under the
bottom stone out from the system.



Filling port used for filling the cell with water before testing.
It is important to note that the pore pressure and back pressure ports are internally

connected to each other under the HAEPC.
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Figure B.6 Base and pedestal with high air entry ceramic
The cell pressure is applied through the top of the cell by an air compressor. The
pore air pressure/volume controller is connected to the top of the specimen, which is used
to apply a pore air pressure and measure the air volume change (See Figure B.7). The
Standard pressure/volume controller cylinder filled with de-aired water is connected to
the bottom, which is used to measure the back pressure/volume change. The top cap is
used for application and measurement of pore air pressure, through a coarse-porous stone
located at the top of soil specimen. The low-air-entry value of the porous stone prevents
water from entering the pore-air pressure system. This kind of interface between air phase
and soil sample is common in testing unsaturated soils. The pore water pressure is
controlled or measured through a saturated HAEPC. The HAEPC is very fine porous
filter, which allows the passage of water but prevents the passage of air. The air entry
value is the maximum difference between air and water pressure hence matric suction.
The matric suction in the soil specimen must not exceed the air entry value of the ceramic
otherwise air would flow through the ceramic. In this study, the ceramic with the high air
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entry value of 300 kPa (3 bar) is used. This ceramic has to be sealed in the bottom cap,
using epoxy resin in order to prevent the passage of air and water around its
circumference. To separate the pore air pressure and pore water pressure, a HAEPC is
bonded into the base. A fully saturated HAEPC could maintain water pressure under the
ceramic and higher air pressure on top without the air passing through the ceramic. It is
important that the differential pressure (matric suction) does not exceed the air entry
value.

Figure B.7 Air line connected to the top of the sample
2. Computer Software:
GDSLAB is a software program used for control, monitor, and/or acquire data for
all of the triaxial testing modes. The software used is version 2.5.9 and it can be
downloaded the GDS instrument website which is www.gdsinstruments.com. The design
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of GDSLAB allows for flexibility in the way that the equipment is connected to the PC
via different types of ports (i.e. RS232, IEEE, USB), and flexibility in the type of
equipment that may be connected. It means that equipment from a variety of
manufacturers can be used with the GDS software. The software has several modules
including Saturation/Consolidation, Conventional Triaixal test, Advanced Loading Tests,
K0- Testing, Unsaturated Test, Cyclic Triaixal Test as illustrated in Figure B.8. This
Appendix focuses on the unsaturated triaxial test.

Figure B.8 GDSLAB modules
3. Sample Preparation and Test Procedure of Unsaturated:
3.1 Saturate the High-Air-Value Porous Ceramic (HAEPC) attached to the pedestal.
There are three stages for its saturation:


All pipework should be purged of air. First purge air from individual pipes before
connecting it to the base pedestal and pressurize water of 25 kPa from one port to
the other. When no more air bubbles are observed, the process is stopped and
reverse it so that water has flowed in both directions.



A small positive water pressure (less than 50 kPa) is applied to the underside of
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the ceramic (from the bottom) to remove air from the ceramic. In this study, the
pressure of 30 kPa is used. This condition is maintained until a pool of water is
formed at the top surface of the ceramic. For 300 kPa (3 bar) air entry value
ceramic, the process normally takes 12 hours.


The last step is to pressurize the porous disc with water in the normal direction
(from the top). This step can be achieved by putting the pedestal in place in the
cell, filling the cell with de-aired water (be sure to leave gap of around 2.5 cm as
mentioned previously) and pressurizing the cell (i.e. 500 kPa typical) while
allowing the pore-pressure port open to the atmosphere. The process takes a
minimum of 4 hours for the 3 bar ceramic and could take a few days for the 15
bar ceramic.

3.2 De-Aired water is needed for testing. A big bucket is hanged next to the de-aired
water device as shown in Figure B.9. De-aired water is collected in the bucket for
more than half to be used for flushing water during saturation and for filling the back
pressure controller. The procedure of collecting de-aired water is explained below:


Close line to big bucket and cylinder.



Open the vent line and fill up the cylindrical tank with water using the water line
(purple line in Fig. B.9) and leave a gap of 5 cm.



Close the vent line and the water line.



Turn on the vacuum and the de-aired water device for 15 minutes.



Close line to vacuum and turn off the vacuum and the de-aired device.



Open the vent line, and open drained line to big bucket for allowing the de-aired
water to drain from the device cylinder to the big bucket.
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3.3 After high-air-value porous ceramic is saturated and soil specimen is prepared
following the procedure explained earlier in this dissertation and as shown in Fig.
B.10. Triaxial cell is installed in place and screwed tightly to the base. The cell is
filled with water leaving a 2.5 cm gap for air-pressurizing the water to apply cell
pressure.

Figure B.9 De-aired water system.
3.4 The GDSLAB software installed on the computer is then opened and a small cell
pressure is applied to maintain effective stress of less than 35 kPa during the
saturation process in accordance to the ASTM D-4767. For example, a cell
pressure of 20 kPa is used in this study.
3.5 Sample saturation is divided into two processes: flushing water, and applying cell
pressure-back pressure increments. For flushing water, a de-aired water line is
connected between the water tank and the pore pressure port located at the base of the
Triaxial device. Water is flushed through the specimen upward and is allowed to
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Figure B.10 Sample preparation procedure: a) install base pedestal with attached ceramic,
b) apply vacuum pressure and membrane, c) place o-rings, d) verify membrane and orings intimation, e) place in split mold, f) stretch membrane around the mold, g) measure
height, h) moist tamping, i) specimen after compaction, j) place filter paper, course
porous stone, and top cap, k) check sample leveling, l) remove the mold, m) measure
dimensions, n) place the cell, o) fill the cell with water and connect the cell pressure line.
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drain through a line connected between the top cap and air pressure port (back
pressure port for a conventional Triaxial test). This port is opened to atmosphere.
Flushing water should be done for 0.5 to 4 days depending on soil type. The purpose
is to remove air bubbles as much as possible from the specimen and minimize the
amount of back pressure needed for saturation. Next, cell pressure and back pressure.
are applied incrementally in such a way that the effective stress (the difference
between the cell pressure and the backpressure) remains constant (less than 35 kPa
according to ASTM D4767). Each pressure increment is 50 kPa (ASTM D-4767)
recommends between 35 to 140 kPa). After the first 3-4 pressure increments, B-value
should be checked to examine if saturation is completed as illustrated in Figure B.11.
The B-check is done by applying a target cell pressure of 25 kPa and monitor the
development of pore pressure. If the B-value is not satisfied, the process of applying
cell/back pressure increment continues. The B-check should be verified after each
increment. Specimen shall be considered saturated if B-value is equal to or greater
than 0.95.
3.6 The consolidation phase is performed to prepare the sample at desired matric suction
and net confining pressure. The process begins by applying cell pressure, pore air
pressure, and pore water pressure to the specimen. First, select the UNSAT mode,
then create a new stage, a dialogue appears on the screen as illustrated in Figures
B.12 and B.13. Target values of pore air pressure, pore water pressure, cell pressure,
and axial stress are pre-calculated to achieve desired matric suction and net confining
pressure. It is important for the axial pressure is set to be higher than the confining
stress by 2-5 kPa as shown in Figure B.13 in order to maintain a good intimation
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between the soil specimen and top cap. At the end of the consolidation process, the
specimen is under equilibrium at a target net normal stress and matric suction. The
net confining pressure used for this study is 100 kPa and matric suction of 25 kPa.

Figure B.11 B-check stage in GDSLAB

Figure B.12 Dialogue shows the selection of UNSAT mode
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Figure B.13 Dialogue shows the inputs for UNSAT test for consolidation stage
3.7 This stage is to prepare the specimen at initial conditions prior to shearing. Matric
suction is imposed in this stage as the test variable. For the specimen tested at drying
path, the following procedure can be followed. First, create a new stage, a dialogue
appears on the screen as illustrated in Figure B.14. Then input the target pore air
pressure, pore water pressure, cell pressure and axial pressure. These input values are
pre-calculated to achieve desired matric suction while maintaining a constant net
confining pressure. The end of this stage (at equilibrium under imposed target matric
suction), the specimen is ready for shearing.
3.8 For a specimen tested at the wetting path, the specimen is required to reach the driest
condition before wetting. To do this, the same dialogue mentioned in 3.8 is
opened as shown in Figure B.14 and the input pressure values should be precalculated to achieve maximum matric suction slightly lower than the air entry of
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Figure B.14 Dialogue shows the inputs for UNSAT test imposing matric suction stage
the ceramic while maintaining the constant net confining pressure. After specimen
reaches equilibrium, the wetting path is then followed by creating a new testing stage
and entering new target pressure values. The pore water pressure should decrease
while maintaining constant confining pressure and pore air pressure. Consequently,
the matric suction reduces along the wetting path and reaches the target value (prior
to shearing) while the net confining pressure remains constant. The end of this stage,
specimen is ready for shearing.
3.9 The specimen is then sheared under strain control mode. First, select the UNSAT and
create a new stage, a dialogue appears on the screen. In this dialogue, select strain
control mode then enter input parameters. These parameters are pore air pressure,
pore water pressure, cell pressure and axial strain as shown in Figure B.15. There are
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two small boxes. First one is used to hold volume of air and the other is used to hold
volume of water during shearing process. For the consolidated drained (CD) test, both
boxes should remain unchecked. For the constant water content (CW) test, the hold
volume box should be checked and the pore air volume box should be left unchecked
(See Fig.B.15). For the Consolidated undrained (CU) test, both boxes for air and
water volume should be checked. In this study, the CW mode is used. The CW test is
an undrained testing where pore-air is allowed to drain while pore-water is kept
undrained. Thus, only pore-water pressure is developed. In this study, shearing is
conducted at the strain rate of 0.009 mm/sec. This rate is based on literatures
(Rahardjo et al 2004 and Thu et al 2006). The test is terminated automatically at the
target axial strain of 20%. At this moment, the test is done and the sample is ready to
be removed. Test data is automatically saved in a separate file under the GDSLAB
with an extension of .gds.
3.10 To extract the data, the saved file should be changed from .gds to csv. This is simply
done by deleting the gds extension and type csv instead. The csv file extension can
be opened using the EXCEL spreadsheet. The excel file inclues all the input data,
measured and calculated data.
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Figure B.15 Dialogue shows the inputs for UNSAT test for shearing stage under CW
mode.

255

APPENDIX C
MEASUREMENT OF WATER CONTENT USING HEAT DISSIPATION
SENSOR
The heat dissipation sensor (HDS) type 229 CSI is manufactured by Campbell
Scientific Inc. for the purpose of matric suction measurement. This study proposes using
a modified commercial heat dissipation sensor (HDS) to measure water content in
centrifuge model testing and subsequently assess matric suction from those
measurements. The porous ceramic was removed from the original sensor, and the sensor
was used as a water-content sensor. As a result, the matric suction could be obtained from
a soil water characteristic curve (SWCC) for each soil type. The HDS works by
transmitting a constant current for a specific period of time. The sensor can be used to
measure water content for lab bench test and under centrifuge environment (high
gravitational acceleration). This appendix is divided into three main sections: system
hardware; computer software; and sample preparation and testing procedure.
1. Hardware:
Setup for system hardware for lab bench and centrifuge tests are presented in
Fig.C.1 and C.2 respectively. Detailed information for each hardware component is
presented as follows.
1.1 Sensor
The modified CSI 229 heat dissipation sensor (HDS) consists of two main
parts: heating element, and thermocouple. The heating element and thermocouple are
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included in a tiny hypodermic needle. The diameter of the needle is 1 mm and the
length is 25 mm. The sensor has four wires: two of them extended from the
thermocouple for the signal output (blue and red) while the other two wires extended
from the heating element for the input signal (green and black). An extra wire is the
shield wire that is usually connected with the output wires (see Figure C.3).

Figure C.1 Hardware setup diagram for lab-bench HDS test.
1.2 Constant current power supply (CE4)
The constant current device model CE4 shown in Figures C.1, C.4, and C.5
manufactured by Campbell Scientific Inc. This device supplies current to the heating
element of the sensor. The device is excited by 12 DCV. The port labeled C is for
triggering current. It is required a minimum of 5DCV (12 DCV maximum). The device
has four regulated outputs of 50 mA ±0.25mA each. If 50 mA is required for the sensor,
the device can be used for up to four sensors. The device can be used to supple current of
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200 mA for a single sensor by using a jump wire connected between all of the four
regulated outputs as shown in Figure C.5.

Figures C.2 Hardware setup diagram for centrifuge test.

Figures C.3 Heat dissipation sensor.
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Figure C.4 Constant current device model CE4 manufactured by Campbell Scientific Inc

Figure C.5 Constant current device model CE4 show the jump between ports
1.3 Microcontroller:
The microcontroller type FRDM KL25Z shown in Figure C.1 and C.6 is used to
control the heating time. This device was purchased from www.amazon.com and maybe
available from other sources. To access the FRDM microcontroller, the device has to be
connected to the PC via a USB cable. To create a code for the FRDM, an account must be
created on the FRDM website (https://os.mbed.com/platforms/KL25Z/). A code is written
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in C++. Alternatively, sample codes can be downloaded from the website as a starting
point and it can be modified as needed. As shown in Figure C.6., the code starts with
TURN ON and WAIT for 2 sec. That means the device will have an open circuit after 2
sec. After the code is written and compiled, then it has to be copied and pasted to the
microcontroller device. After this process, the microcontroller is ready for use. Because
the microcontroller should be connected physically to the PC through a USB port as
shown in Figure C.1, it is not suitable for centrifuge model test thus it is only used for lab
bench tests. In addition, a button shown in Figure C.6 has to be physically pressed for
triggering.
For the centrifuge model test, a digital relay-timer (DRT) model SRD-12VDCSL-C shown in Figure C.7 and a relay NI card (NI-9403) are used to remotely control the
amount of heat and heating time. The DRT was purchased from www.amazon.com. It
requires an excitation voltage of 12DCV. Heating time can be specified by pressing K1
(minute) and K2 (second) button shown in Figure C.7 until the screen read a desired time.
For the centrifuge test, the desired time is 2 seconds. The UofSC centrifuge software
(Bloomy) is used to interface with these hardware devices therefore no additional
program is needed for these devices. The DRT connects to 12DCV excitation, CE4, and
the NI-9403 as shown in Figure C.2.
1.4 National Instruments data acquisition (NI-DAQ):
For the lab bench testing, the NI USB TC01, a programmable temperature input
device, shown in Figure C.1 and C.8 is used. The device is capable to read temperature
continuously with time. It has only one port thus it can only handle one HDS at a time.
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Figure C.6 FRDM KL25Z microcontroller and its code

Figure C.7 Digital relay-timer (DRT).
The device has to be physically connected to the PC so it is not suitable for the
centrifuge model test. The NI 9205 is replaced this device for the centrifuge testing as
shown in Figure C.2. It is important to note that the sensor output voltage ranges from
0.01 to 0.04 mV. Therefore, the signal must be amplified for the NI9205. This study uses
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the DRF-RTD signal conditioner manufactured by Omega for amplifying the sensor
signal. More detailed information about this device is presented in the next section.

Figure C.8 NI USB TC01 device and its software interface
1.5 Signal Amplifier:
A signal conditioner device type DRF-RTD model (DRF-RTD-115VAC-0/200C)
manufactured by Omega shown in Figure C.2 and Figure C.9 is used to amplify the
output voltage from the sensor before it is acquired by the NI-9205. The excitation
voltage needs for the device is 115 ACV. The maximum output voltage 10 DCV
corresponding to the maximum temperature measurement of 200 C for the Thermocouple
Type T. The calibration factor provided by Omega is 20 C/V. The device can handle one
HDS at a time therefore four devices are used for four sensors as shown in Figure C.9.
2. Data Acquisition System:
If the bench lab testing is conducted, the USB NIC01 is preferred. The device is
programmable thus the software interface appears immediately on the screen after the
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Figure C.9 Signal magnifier for thermocouple Type-T
device is connected to the PC as shown in Figure C.8. It is important to note that the
driver must be installed on the PC and it can be found in the National Instruments
website: www.ni.com by searching for the most up-to-date driver used for the USB
NIC01. Download the driver and install on to a PC. After the driver has been installed
and the device is connected to the PC via a USB port, the software interface should
appear immediately as shown in Figure C.8. The software can record the temperature
versus time continuously. When the test is stopped, the data is saved automatically on the
PC. The saved file includes data of temperature (F) versus time (second). As mentioned,
for centrifuge test, U of SC centrifuge software is used. The data is acquired and recorded
in Voltage thus it has to be converted to Temperature during the post-test data processing.
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3. Sample Preparation and HDS Test Procedure
3.1 Lab Bench Test:
3.1.1 Dry soil is thoroughly mixed with tap water to a desired water content. The mixture
is placed in closed plastic bags for 24 hours to ensure homogeneity.
3.1.2 The specimen is compacted using moist tamping to achieve as desired density in an
acrylic cell with a diameter of 7.5-cm and a height of 15-cm as shown in Figure C.10.
The compaction process is conducted in 1.0-cm-thick lifts using a miniature hammer
following ASTM-D 4767 procedure. The mold has a threaded hole with a 0.5-cm
diameter on the wall for the sensor installation. After the compaction process is
completed, the sensor is inserted horizontally into the specimen as shown in the
Figure.

Figure C.10 Acrylic cell, and compacted specimen with an installed sensors.
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3.1.3 Input signal wires (green and black) of the HDS are connected to the CE4. The
other two wires, output signal wires (blue and red) are connected to the USB NITC01 as shown in Figure C.1.
3.1.4 The microcontroller is then connected between the sensor and the CE4.
3.1.5 Both the microcontroller and the NI-TC01 are connected to the PC through USBs as
shown in Figure C.1. For microcontroller, user name and the passcode is entered.
The code is opened and the heating time sets to the desired value (i.e. 2 sec). For the
NI-TC01, the program appears immediately on the PC screen.
3.1.6 The test starts by pressing the button in the microcontroller that illustrated in Figure
C.6. The button is used to close the circuit and allow the current to flow through. As
a result, the temperature increases and reaches a peak value. The heating or
temperature rising is captured. After a specific period of time (i.e. 2 sec), the
microcontroller opens the circuit automatically. As a result, the temperature
dissipates throughout the soil for a certain cool down time until the initial value is
reached. The cooling down depends on soil degree of saturation and can be observed
on the software interface.
3.2 Centrifuge Test
3.2.1 Soil specimen is prepared using the same procedure described previously.
3.2.2 The acrylic cell is placed in the centrifuge basket as shown in Figure C.11.
3.2.3 The input wires (green and black wires) of the HDS are connected to the CE4. The
other two wires, output signal wires (blue and red) are connected to the Omega DRFRTD signal conditioner as shown in Figure C.2.
3.2.4 The digital relay-timer is connected between the sensor and the CE4. It is also
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connected to the NI9403 for the purpose of remotely controlling the heating period
as shown in Figure C.2.
3.2.5 The output signal from the Omega DRF-RTD device is connected to the NI 9205 as
shown in Figure C.2.

Figure C.11 Acrylic cell, compacted specimen with an installed sensors placed in the
centrifuge basket.
3.2.6 The centrifuge is powered on and the UofSC centrifuge data acquisition software is
opened.
3.2.7 The system should be checked to ensure that all components work properly.
3.2.8 On the UofSC centrifuge data acquisition software, the appropriate NI-module is
selected and required input parameters are entered in the configuration as shown in
Figure C.12, and Figure C.13. The configuration is saved then acquire is selected.
Before spinning, all sensors need to be checked for proper functioning. It is also
important to check the saving function to ensure that the file is saved during logging.
3.2.9 Centrifuge is spun up to a desired g-level. When ready to perform the test, the heat
pulse is generated several times using the on/off switch as shown in Figure C.14. For
each pulse, it is important to allow the temperature to rise and reach a peak and
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dissipate over the cool down time until initial value is reached before sending the
next pulse. This typically takes 5-15sec depending mainly on soil degree of
saturation. Temperature changes are usually recorded continuously.

Figure C.12 UofSC centrifuge data acquisition software configuration of HDS using the
NI-9205

Figure C.13 UofSC centrifuge data acquisition software of HDS using the NI-9403
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Figure C.14 UofSC centrifuge data acquisition software of HDS using the NI-9403
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APPENDIX D
CENTRIFUGE CONE PENETRATION TEST
This study performs centrifuge cone penetration tests (CPTs) using a miniature
cone penetrometer designed by Carey et al. (2018) and manufactured at the University of
South Carolina. This appendix presents detailed description of the penetrometer including
hardware, data acquisition system, and testing procedure.
1. Hardware:
Figure D.1 presents a setup diagram for the centrifuge CPT developed specifically
for the UofSC centrifuge facility. The diagram also includes a setup for heat dissipation
sensor (HDS) that can be found in Appendix C. Detailed information about each
hardware component for the centrifuge CPT is presented as follows.

Figure D.1 Hardware setup diagram for centrifuge CPT test.
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1.1 Cone Penetrometer
The cone penetrometer used in this study is composed of cone tip, cone rod, and
outer sleeve tube as shown in Figure D.2 and Figure D.3. All of these components are
made of stainless steel. The apex angle of the cone tip is 60° with a projected area of
28.27 mm2. The cone rod has a diameter of 4 mm while the outer sleeve tube has a
diameter of 6 mm. The end of the cone rod is attached to a 1300-N load cell
manufactured by Interface. Inc. The load cell is mounted inside an aluminum reaction
frame (See Figure D.3). There is a clearance of approximately 1 mm between the tip of
sleeve tube and the top of the penetrometer cone tip. This gap is sealed by an O-ring.
Additional clearance of 0.5 mm is designed between the cone rod and the sleeve tube.
There are three O-ring grooves along the rod to maintain the rod alignment and minimize
friction between the rod and the sleeve tube. The total cone length is 135 mm designed to
accommodate 100 mm penetration depth and an extra space of 35 mm at the top to
increase support and prevent bending during penetration.
1.2 Drive System
The CPT drive system consists of a stepper motor, gears, and belt system with a
maximum travel distance of 160 mm as shown in Figure D.4. The drive system motor is
excited by DC voltage. The input voltage is selected based on the desired speed and
should be verified prior to testing. A calibration between input voltage and cone rate
presented in Figure D.5 is necessary for selecting the appropriate input voltage. For
example, a rate of slightly less than 1 cm/sec is achieved for the input voltage of 24 DCV.
The calibration curve (shown in Figure D.5) was developed by measuring the travel
distance using a ruler while monitoring the travel time using a timer. It was performed
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twice and the average values are used to create the calibration curve. More precise
measurements could be performed to improve an accuracy of the calibration curve. The
drive system is controlled by a relay circuit designed specifically to maintain the cone
movement in downward or upward direction at a desired speed. Detailed information
about the relay circuit is provided in the next section. Customized UofSC centrifuge data
acquisition software is used to communicate with the drive system circuit via National
Instrument Relay Module (NI-9403). This software is also used to record data from the
CPT load cell thus the CPT operation and data acquisition can be synchronized.

Figure D.2 Photo of Cone penetrometer components.
1.3 Relay Circuit
A relay circuit (RC) shown in Figure D.6 and its electrical diagram in Figure D.7
is developed for the purpose of controlling the direction of the penetrometer movement
(downward and upward) at a desired speed. The circuit requires a 5 DC excitation voltage
and connected directly to the motor of the drive system. In addition, the NI-9403 is used
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as a switch to reverse the circuit polarity thus reversing the direction of the penetrometer
movement.

Figure D.3 Drawing of Cone penetrometer components

Figure D.4 Drive system.
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Figure D.5 Calibration for motor speed

Figure D.6 Relay circuit (RC) for changing the cone penetrometer movement direction

273

Figure D.7 Relay circuit diagram
2. Data Acquisition System:
The UofSC centrifuge data acquisition software is used in this study. Through this
software, the movement of the cone penetrometer and the direction of the movement can
be remotely control via the NI modules as mentioned previously. Because the cone
penetration test is performed in conjunction with the heat dissipation sensor (HDS)
measurement (Appendix C), the centrifuge tests require both NI 9205 and NI 9403. The
NI-9205 is used for acquiring and recording the load cell and HDS data, and the NI-9403
is used for controlling heating time of the HDS and controlling the movement direction of
the CPT. The NI-9205 is the analog voltage card hence it records voltage data. Figure D.8
illustrates the configuration of both modules. The UofSC data acquisition software can
apply scaling factor to convert the voltage measurement from the load cell to the unit of
Newton. During the post-test data processing, force is then converted to stress. The HDS
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measurement is Voltage which is converted to temperature during the post-test data
processing.

Figure D.8 NI-9205 and NI-9403 configurations.
3. Model Preparation and CPT Test Procedure
3.1 Dry soil is thoroughly mixed with tap water to desired water content. The mixture is
placed in closed plastic bags for 24 hours to ensure homogeneity.
3.2 The model is compacted to achieve a desired density in a centrifuge container made
of aluminum with a wall thickness of 12.7 mm and inner dimensions of length, width,
and height of 385 mm, 360 mm, and 310 mm, respectively as shown in Figure D.9.
The compaction process is conducted in 1.0-cm-thick lifts using a moist tamping
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method. A total depth of soil in the model is approximately 15 cm thus there is a total
of 15.
layers.

Figure D.9 Model preparation in centrifuge container
3.3 Four HDS are installed in the centrifuge model at different depths to obtain inflight
water content measurements. More details about the HDS are found in Appendix C.
3.4 Upon the completion of the model preparation, the cone penetrometer is attached to
the drive system. Then the entire system (both cone penetrometer and drive system) is
installed above the model container as illustrated in Figure D.9.
3.5 The output signal wires (green (-) and white (+) wires) of the cone penetrometer are
connected to the NI-9205. The other two wires which are the excitation wires (red (+)
and black (-)), are connected to 10 DCV power supply as illustrated in Figure D.1.
3.6 The relay circuit is connected between the drive system and the NI-9403 switch as
illustrated in Figure D.1 so that the operation can be stopped and/or the cone
penetration direction can be reversed during testing. The drive system is connected to
a power supply. The excitation voltage varies depending on the speed (i.e. 24 DCV is
calibrated for the speed of 10 mm/sec). The cone penetration test is remotely
controlled though the NI-9403 module.
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3.7 The centrifuge is powered on and the UofSC centrifuge data acquisition software is
opened.
3.8 The system should be checked to ensure that all components work properly.
3.9 On the UofSC centrifuge data acquisition software screen, the appropriate NI-module
is selected and the required input parameters are entered in the configuration as
shown in Figure D.10, and Figure D.11. The configuration is saved then the Acquire
is selected. Before the centrifuge is spun, all sensors need to be checked. This process
can be done by checking a box next to each sensor name and the box should turn
green as shown in Fig. D.10. Then monitor the voltage signal with time under
acquire. It is also important to check the saving function to ensure that the file is
saved during logging. It is simply done by pressing logging then wait a few seconds,
then stop logging and monitoring. The file should be saved in a folder named
Centrifuge DAQ Data.

Figure D.10 UofSC software configuration of HDS and CPT using the NI-9205.
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Figure D.11 UofSC software configuration of HDS and CPT using the NI-9403.
3.10 Prior to the centrifuge spinning, the position of the cone tip is set just above the soil
surface of the model as illustrated in Figure D.12.
3.11 Centrifuge is spun up to a desired g-level. When ready to perform the test, the load
cell data (as well as other sensor data) should be acquired by the NI-9205. The data
load cell measurements should be monitored only but not logged for (i.e. 30 sec).
Then a relay switch is turn on as shown in Figure D.13. This time lag is useful for
counting the penetration time as accurate as possible. The load cell data should be
recorded continuously and would capture the change in soil resistance during cone
penetration process. However, if the soil has low resistance, it is recommended to
replace the load cell with a lower capacity (i.e. 25 to 100 N) to ensure that the signal
to noise ratio is sufficient. It is also important to note that if the water content
measurement is performed using HDS, it should be done before, during, and after the
cone penetration.
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Figure D.12 Position of the cone penetrometer before testing
3.12 After the test is done, the data is automatically saved in a file with an extension of
tdms. This file can be opened in excel for data processing.
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Figure D.13 UofSC software acquired of HDS and CPT using the NI-9403.
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